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ABSTRACT
With the expected rise in air temperature, it becomes important to understand how snow will
respond in different climate scenarios. The presence of snow over lake ice largely influences the
ice thickness, and as Canada’s Arctic and sub-arctic regions are experiencing warming at twice the
global rate, concerns rise as changes in the snowpack will significantly impact northern
communities that rely on lake ice as a means of transportation, source for drinking water, and
feeding their families. The distribution of snow depth is highly sensitive to changes in climate over
time, as such a slight increase in air temperature or change in precipitation can substantially alter
snowpack dynamics, which in-turn, directly impacts the rate of lake ice growth. The heterogeneity
of snow depth over lake ice is driven by wind redistribution and snowpack metamorphism which
creates

an

inconsistent

ice

thickness

across

the

lake. Currently,

daily snow

depth

measurements are represented as one value, collected at a weather station on land, near lake
shorelines, but previous studies show that this data is not representative of the distribution of snow
across different landscapes, more specifically lake ice. Due to the exposed nature of lakes, it is
shown that snow depth will be redistributed greatly over lake ice, as there is a lack of vegetation
compared to land surfaces with differences in topography. To identify the snow spatial distribution,
extensive snow depth measurements must be collected across the entire lake. However, the
collection of accurate snow depth measurements over lake ice is challenging and requires a great
deal of time spent in the field. Studies have explored the use of remote sensing techniques to map
snow distribution over land, however our understanding of such over lake ice is minimal.
Accurate measurements of the spatial distribution of snow depth over lake ice is limited due
to logistical difficulties in manual measurement techniques (i.e., ruler, snow depth probe). This
iii

study presents the use of ground-penetrating radar (GPR) and in-situ observations (snow depth
and density) to develop a systematic method to estimate the spatial distribution of snow depth
over lake ice. Focused on four lakes located in the North Slave Region, Northwest Territories
(Landing Lake, Finger Lake, Vee Lake, Long Lake) the snow depth is derived using GPR twoway travel time. Through utilizing a combination of ground-based techniques, this study proposed
a methodology to ease the collection process required to get accurate snow depth measurements
on a larger spatial scale than current methods allow. The findings of this thesis will benefit the
snow and ice community as we can increase our availability of accurate snow depth data over lake
ice through an efficient method of collecting larger snow depth datasets. Specifically, with the
availability of snow depth data over lake ice, the accuracy of thermodynamic lake ice model can
be improved significantly.
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Chapter 1. General Introduction
In this chapter, background information is provided on Canada’s sub-arctic, with a focus on
lakes and the changing climate. Observed changes and modelled scenarios of the region with focus
on snow and lake ice are discussed. Followed, is the influence snow has on lake ice and an
introduction on methods used to measure snow. Additionally, this chapter touches on the
importance of monitoring and measuring snow and the research objectives of this thesis.
1.1 Canada’s Sub-Arctic
Canada’s sub-arctic is located at latitudes below the Arctic Circle (66°33′ N; Leavesley et al.,
1997). The sub-arctic region is shown in Figure 1.1 overlying Canada’s landcover. The region
spans across Canada’s territories and the northern regions of seven provinces. The boundary of the
sub-arctic region used within this thesis was defined using previous literature and the ecological
regions of Canada (Appendix A.1).
1.1.1 Landcover
Canada’s sub-arctic is comprised of taiga and tundra vegetative cover and an abundance of
inland water (Rouse et al., 1997; Leavesley et al., 1997; Duguay et al., 1999). Figure 1.1 shows
the landcover across the sub-arctic region as of 2015 (CCRS & NRCan, 2020). Based on the level 1
terrestrial ecological region classifications, the sub-arctic includes the taiga, Hudson Plains, and
tundra regions (Figure 1.2a; CEC, 2021). The taiga eco-region dominates Canada’s sub-arctic and
refers to the northern edge of the boreal forest, where there is an abundance of coniferous forests
and fewer broadleaf deciduous forests, while the Hudson Plains is dominated by extensive
wetlands (Ricketts et al., 1999). The sub-arctic region extends through very little of the tundra eco1

region, which is comprised of grasslands, lichen, moss, and shrubland. The sub-arctic region is
underlaid by extensive and sporadic discontinuous permafrost, or continuous permafrost (Figure
1.2b; Heginbottom et al., 1995). Additionally, across the sub-arctic there are countless lakes,
ponds, and rivers. The region contains two of the largest freshwater lakes (Great Bear Lake (GBL)
and Great Slave Lake (GSL)) and the second largest peatland (located in the Hudson Bay
Lowlands) in the world (Rouse et al., 1997).

Figure 1.1: Canada’s sub-arctic boundary is shown outlined in black. Canada’s landcover is shown
as of 2015 from 30m gridded data (CCRS & NRCan, 2020).
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Figure 1.2: (a) Taiga, Hudson Plains, and tundra ecological regions fall within the sub-arctic region.
(CEC, 2021). (b) The permafrost zones across Canada show that much of the sub-arctic region
spans the continuous and discontinuous permafrost region, with areas of sporadic discontinuous
and isolated permafrost (Adapted from Heginbottom et al., 1995).

1.1.2 Lakes
Lakes cover approximately 2 % of Earth’s surface, and in areas across the sub-arctic region
they can account for up to an estimated 40 % of the land surface (Duguay et al., 2003). These areas
include the Hudson Bay lowlands (up to 32 %; Lafleur et al., 1997), Old Crow Flats of the Yukon
Territory (35 %; Roy-Léveillée & Burn, 2016), and the Mackenzie Delta (~ 25,000 small lakes
and ponds within ~ 12, 000 km2; Rouse et al., 1997), as well as the North Slave region in the
Northwest Territory (19 %; Appendix A.2). Two of the largest lakes globally (GBL and GSL) and
thousands of small lakes are in Canada’s sub-arctic. Figure 1.3 shows the distribution of lakes with
a surface area larger than 10 hectares across Canada and the sub-arctic. Lakes are not evenly
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distributed across the region and can range in surface areas from as small as four hectares (0.04
km2; Section 2.5) to thousands of kilometers squared (e.g., GBL at ~31,000 km2; Johnson, 1975).
Lake depths range from one meter to hundreds of meters (Duguay et al., 2003). Lakes in this
region have a limited open water season, and experience ice cover generally from October to as
late as August, with variation occurring across lakes in the region based on factors such as lake
morphometry (Duguay et al., 2003; Cai et al., 2022).

Figure 1.3: Canada’s lakes (Messager et al., 2016) are shown to be unevenly distributed across
Canada. A large portion of Canada’s lakes span the sub-arctic region covering Canada’s territories
and northern regions of seven provinces.

The number of, and overall area contributed to the land surface by lakes make them an
important part of the Earth system. Lakes act as heat storage, a habitat for aquatic species, and a
4

freshwater and food resource (Adams & Lasenby, 1978; Schmid & Read, 2022; Sterner et al.,
2020; Orru et al., 2014; Lindenschmidt et al., 2018). Additionally, during the ice-on season, lake
ice plays an important role for northern communities who build ice roads for transportation of
goods and services (Mullan et al., 2017). The Tibbit to Contwoyto winter road is one example of
this, stretching 600 km with 85 % over lake ice from Yellowknife, Northwest Territories (NWT)
to Contwoyto Lake, Nunavut (Barrette, 2011).
1.1.3 Climate
The sub-arctic region experiences long, cold winters and short, warm to cool summers (Cui et
al., 2021). More specifically, based on the Köppen-Geiger classification (1980 – 2016), the region
falls within the sub-arctic climate zone. The sub-arctic climate zone generally experiences mean
temperatures above 10°C for one to three months of the year, with the coldest month averaging
below 0°C (Beck et al., 2018; Cui et al., 2021). Limited areas of the region have a continental subarctic climate and experience cold dry summers (locations seen in Figure 1.3), while the rest of the
region generally experiences precipitation year-round (Beck et al., 2018). Annual precipitation has
generally ranged between 150 to 500 mm, based on the monthly averages over 1920 to 1990
(Leavesley et al., 1997; Groisman & Easterling, 1994).
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Figure 1.4: The climate zones for the present day based on the Köppen-Geiger classification (19802016). The sub-arctic region experiences a sub-arctic climate, with most of the region experiencing
precipitation year-round (Modified from Beck et al., 2018).

1.2 Climate Change
Changes in air temperature and precipitation have been observed across Canada’s sub-arctic,
making it a focus for climate change studies in recent decades. This section presents observed and
modelled trends of temperature and precipitation in Canada’s sub-arctic to bring attention to the
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importance of climate change monitoring. The changing air temperature and precipitation trends
are then placed in the context of snow, ice, and landcover changes in the following section.
1.2.1 Air Temperature
Recent trends have shown that Canada’s sub-arctic is warming at twice the global rate and is
expected to continue to increase (Vincent et al., 2015; Brown et al., 2017; Zhang et al., 2019;
Gutiérrez et al., 2021). Reported by the Canadian Changing Climate Report, Northern Canada
experienced an estimated mean annual temperature increase of 2.3°C between 1948 to 2016 based
on the historical climate data collected at weather stations (Figure 4.4 from Zhang et al., 2019).
The largest increase in temperature was reported during the winter months (December – February),
where an increase of 4.3°C was observed (Table 4.1 from Zhang et al., 2019). Although the limited
weather stations located in Northern Canada reduce the observation confidence between station
locations (Vincent et al., 2015), climate studies utilizing reanalysis data or gridded observational
data (i.e., ERA5 and HadCRUT) reported similar trends of warming within sub-arctic latitudes
(Previdi et al., 2021; Hartmann et al., 2013). Studies using global climate models underestimated
the increase in temperature between 0.1°C to 1.2°C (Chylek et al., 2022; Fan et al., 2020). In
addition to overall warming, the seasonal timing of annual maximum and minimum temperatures
have shifted (Vincent et al., 2018; Wan et al., 2015). An increase in both the highest daily
maximum and lowest daily minimum temperatures (Zhang et al., 2019) coincided with fewer days
reaching lower temperatures and more days reaching higher temperatures (Wang et al., 2014).
These observed temperature variations are indicators of the sub-arctic’s response to a warming
climate (Collins et al., 2013; Kirtman et al., 2013).
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Future temperature predictions consistently show an expected increase across the sub-arctic
region for all climate scenarios (Zhang et al., 2019; Collins et al., 2013; Fan et al., 2020).
Simulations using the Coupled Model Intercomparison Project (CMIP, i.e., CMIP5) consider low,
medium, and high emission scenarios (Representative Concentration Pathway of RCP2.6, RCP4.5
and RCP8.5 respectively). Future low scenarios suggest warming around 2°C, and high scenarios
with up to 8°C, by the late twenty first century in Canada’s sub-arctic (Figure 7 from Fan et al.,
2020). Modelled scenarios by Collins et al. (2013) show similar predictions of above 2°C to 10°C
for low to high emission scenarios. In addition, the largest temperature change is expected to occur
during the winter months (Figure 4.6 from Zhang et al., 2019).
1.2.2 Precipitation
Increased precipitation has been observed in every season within the northern latitudes of
Canada’s sub-arctic (60°N and above; Vincent et al., 2015). An increase in both the annual
snowfall and annual rainfall was reported across the northern latitudes of the sub-arctic over the
latter half of the twentieth century (Groisman & Easterling, 1994; Mekis & Vincent, 2011).
Additionally, the number of days where precipitation occurred in the form of either snowfall or
rainfall increased across most northern weather stations during 1948 to 2016 (Vincent et al., 2018).
Trends calculated using global gridded time series data (i.e., Global Precipitation Climatology
Centre, Global Precipitation Climate Centre) for Canada’s sub-arctic show an increase in
precipitation over the past decades (1951 to 2010), but a lack of data availability weakened the
overall confidence in these assessments (Hartmann et al., 2013). Observations recorded at northern
precipitation stations agreed with the increasing trend, specifically observing a 32.5 % annual
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increase in precipitation between 1948 to 2012, with a 54 % increase in the winter (Zhang et al.,
2019).
Similar to air temperature, future projections suggest an increase in precipitation over the
sub-arctic region under the different climate scenarios by 2100 (Figure 3 from Beck et al., 2018;
Figure 10.17 from Brown et al., 2017). Based on the low (RCP2.6) and high (RCP8.5) climate
scenarios, an increase in precipitation between 8 to 33 % is expected (Zhang et al., 2019). The
largest projected increase in precipitation is expected during the colder months (October to March;
Brown et al., 2017). Additionally, it has been documented that rain-on-snow events will occur
more frequently, leading to enhanced mid-winter snow melt (Jeong & Sushama, 2018; Putkonen
et al., 2009) and the frequency of extreme precipitation events will also increase (Zhang et al.,
2019).
With rapid changes in air temperature and precipitation continually being reported, the
importance of climate change studies heightens. A shift from a cold climate with short-cool
summers and year-round precipitation (Figure 1.2a) to a humid continental climate nearing the end
of the twenty first century is expected (Beck et al., 2018). The Köppen-Geiger classification
projection under RCP8.5 suggests very little of the region will still experience the sub-arctic
climate (Figure 1 from Beck et al., 2018).
1.3 Observed Changes and Modelled Predictions
Monitoring changes in climate can be observed through changes to the landcover, lake ice, and
snow. Many studies focused on the sub-arctic region have documented a shift in snow cover
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properties, ice-on season, and land cover changes that have been linked to the changing climate
(Brown et al., 2021; Brown & Duguay, 2011a; Carpino et al., 2018).
This section briefly discussed changes to landcover to provide background information on
changes being observed surrounding lakes. As a focus of this thesis, changes observed, and
modelled predictions of snow and lake ice are discussed. Both snow and lake ice are considered
indicators of variability in regional and global climate (Livingstone, 1997; Groisman et al., 1994),
as they are sensitive to a change in air temperature and precipitation. A change in the surfaceatmosphere energy balance will directly affect snow and ice conditions (Brown & Duguay, 2010).
1.3.1 Landcover
Landcover changes across the sub-arctic induced by climate change are continuously being
observed (Connon et al., 2014; Carpino et al., 2018; Lantz & Turner, 2015). The sub-arctic region
is underlaid by permafrost (Figure 1.2b) and is susceptible to landcover transformations caused by
permafrost thaw (Quinton et al., 2010; Kokelj et al., 2015). Increased air temperatures have been
tied to a decline in forest cover within the sporadic discontinuous permafrost zone and resulted in
an increase in wetlands (Carpino et al., 2018; Quinton & Baltzer, 2013; Baltzer et al., 2014).
Additionally, the thawing of ice rich permafrost has led to the development of thermokarst ponds
or lakes in areas with poor soil drainage, such as clay or peatlands (Laberge & Payette, 1995;
Payette et al., 2004; Marsh et al., 2009). There is evidence of sub-arctic vegetation expanding
north and an increase in shrubification within tundra environments (CAFF, 2013; Robinson et
al., 2021a). It is expected that an increase of 3 to 4°C in climate warming would impact the boreal
forest causing a shift to open woodlands or grasslands (Lenton, 2012).

10

1.3.2 Lake Ice
Changes to the duration of seasonal ice cover across lake ice is being observed (Duguay et al.,
2006; Howell et al., 2009; Du et al., 2017). The timing of lake freeze-up, break-up and ice cover
duration (also referred to as lake ice phenology) and ice thickness are important indicators of
climate change and variability (Walsh et al., 1998; Duguay et al., 2006; Brown & Duguay, 2010).
Ice phenology describes the seasonal cycle of ice cover and is sensitive to changes in air
temperature, whereas changes in ice thickness are related to a shift in air temperature and snowfall,
which is further discussed in Section 1.4. This section explores temporal trends reported in
literature on lake ice phenology and ice thickness for past decades and future projections.
1.3.2.1

Ice Phenology

Several studies have shown that ice freeze-up is occurring later, while ice break-up is
occurring earlier (Magnuson et al., 2000; Duguay et al., 2006; Howell et al., 2009; Latifovic &
Pouliot, 2007; Livingstone & Adrian, 2009). However, the length of the time series used to
interpret lake ice phenology is important (Brown & Duguay, 2010). Additionally, there are few
studies that explore lake ice phenology on lakes in Canada’s sub-arctic, therefore, trends across a
larger region will be discussed but future projections will focus on the sub-arctic region.
Later mean lake freeze-up of 0.57 days and an earlier break-up of 0.63 days per decade, were
reported by Magnuson et al. (2000; 2001). This was based on 20 lakes and 5 rivers across the
Northern Hemisphere over 1846 to 1995. Duguay et al. (2006) also concluded later lake freeze-up
dates, but with few of the 81 lakes included in the analysis showing significant trends. This study
found both earlier and later break-up dates at several lakes across Canada, however, more lakes
showed a significant trend to earlier break-up dates in general (Duguay et al., 2006). More recently,
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Du et al. (2017) studied 71 large lakes (area ≥ 50 km2) across the Northern Hemisphere (34 in
Canada, ~10 in sub-arctic) over the early twenty-first century (2002 – 2015) and found that lakes
located at higher latitudes (Canada’s Arctic and sub-arctic) experienced a later freeze-up and
earlier break-up of up to 1.3 days per year with very few lakes showing no trends. The overall
trends reported across studies suggested a later freeze-up and earlier break-up is occurring, but the
magnitude of change differs across regions (Duguay et al., 2006).
A later freeze-up and earlier break-up has been connected to a change in air temperature,
translating to 1.2°C per 100 years, or for many lakes in the Northern Hemisphere, 0.2°C per change
in one ice-phenology date (Magnuson et al., 2000). Future modelled projections also suggested
that lakes in Canada’s sub-arctic will have a later freeze-up and earlier break-up date (Brown &
Duguay, 2011a; Dibike et al., 2012; Derksen et al., 2019). Brown and Duguay (2011a) modelled
lake ice freeze-up and break-up scenarios for 2041 to 2070 based on the mean dates over 1961 to
1990 using a one-dimensional freshwater ice cover model (Canadian Lake Ice Model, CLIMo)
with forcing data produced from a Canadian regional climate model (CRCM). Simulations were
done for 3 m, 10 m and 30 m depths with snow and no-snow scenarios. Overall, projections suggest
that freeze-up will occur 0 to 15 days later and break-up will occur 5 to 20 days earlier for lakes
in the sub-arctic above 58°N (latitude). With no snow cover present, break-up was projected to
occur on average 7 days earlier than with snow present (Brown & Duguay, 2011a). Dibike et al.
(2012) reported a shift in freeze-up and break-up to be a little less extreme, with dates ranging
between 8 to 12 days earlier and 8 to 16 days later, respectively, across Canada’s sub-arctic by
2070. These projections were simulated using the Multi-year simulation model for Lake thermosand phytoplankton dynamics (MyLake) and forcing data from CRCM and North American
regional reanalysis data (Dibike et al., 2012). Overall, a shift in later lake ice freeze-up and earlier
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break-up dates are expected by the late twenty first century (Derksen et al., 2019). The magnitude
of how many days depends on the location of the lake and their individual characteristics (i.e.,
depth, volume to surface-area ratio), as well as a change in air temperature and precipitation
(Williams et al., 2004; Duguay et al., 2003; 2006).
1.3.2.2

Ice Thickness

An overall decline in lake ice thickness has been reported over past decades (Brown & Duguay,
2011a; Dibike et al., 2012; Imrit et al., 2022; Li et al., 2022). Ice thickness scenarios have been
simulated based on one-dimensional thermodynamic models and validated with in-situ
measurements to observe trends. Li et al. (2022) used the remote sensing lake ice model to simulate
ice thickness for 1313 lakes and reservoirs (area ≥ 50 km2) and found significant trends of thinner
maximum ice thickness over the past 30 years for lakes across Canada’s sub-arctic. Gao and Stefan
(2004) used the water temperature and lake-ice model to simulate climate scenarios over varying
time periods between 1962 to 1990 and found by doubling atmospheric carbon dioxide maximum
ice thickness reduced 18 to 30 cm. While Williams et al. (2004) reported an expected decline in
maximum ice thickness of 7 cm with a 1°C increase in air temperature based on 143 lakes over
varying time periods that extended until the late twentieth century.
Dibike et al. (2012) utilized MyLake to simulate maximum ice thickness on hypothetical lakes
at 20 m depth based on observations for 14 lakes between 1961 to 1990. Findings suggest by 2070,
maximum daily lake ice thickness will have declined between 15 to 20 cm across Canada’s subarctic. Similarily, Li et al. (2022) quantified a loss in maximum ice thickness of 10 to 15cm under
RCP 2.6 for most of the region. More extreme projections were reported by Brown and Duguay
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(2011a), with a mean decrease in maximum ice thickness of ~25 cm for simulations including
snow cover, and 32 cm without snow cover for northern sub-arctic regions.
1.3.3 Snow
Canada’s sub-arctic is snow covered for more than half of the year (Estilow et al., 2015),
however, changes to seasonal snow cover and snow depth are being observed. This section
explores temporal trends reported in literature on snow cover extent, duration, and depth for past
decades and future projections.
1.3.3.1

Snow Cover

Recent trends have shown a decline in the snow cover duration and extent across Canada
(Brown et al., 2021; Derksen et al., 2019; Vincent et al., 2015). The sub-arctic region was covered
by snow for approximately 230 days of the year between 1981 to 2010 (Estilow et al., 2015).
During this time, the snow cover fraction (defined as the percentage of days with snow on the
ground for a given period) decreased between 5 to 10 % (Derksen et al., 2019). In addition, Vincent
et al. (2015) and Brown et al. (2021) reported a shorter snow season duration in the sub-arctic.
Based on snow depth data reported by Environmental Climate Change Canada (ECCC), most
weather stations located in Canada’s sub-arctic observed a later first day of snow on the ground
and an earlier last day, resulting in a shorter snow season duration and an overall decrease of over
one day per decade between 1981 to 2017 (Brown et al., 2021).
Snow cover extent is a measure of area that represents where snow accumulation has occurred
and is generally described on a global or nation scale (i.e., Northern Hemisphere, Canada, Arctic).
The mean annual snow cover extent across Canada has declined 5.1 % from 1972 to 2010 (Henry,
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2012). Specific to the Arctic, a decline in spring snow cover extent has occurred more rapidly in
the past decades (Derksen & Brown., 2012; Brown et al., 2010) and since 2006, June Arctic snow
cover extent has been below the long-term mean each year (Mudryk et al., 2021).
Future projections agree with current observed trends and suggest a decline in snow cover
extent and duration, with majority of snow loss occurring in the sub-arctic region during April
through June by the end of the twenty first century (Brown et al., 2017; Mudryk et al., 2020).
Increasing air temperatures in months prior to winter are expected to affect the timing of the snow
cover season most drastically (Mudryk et al., 2020).
1.3.3.2

Snow Depth

Snow depth is a measure of how much snowfall has accumulated in one location. The snow
depth is therefore directly influenced by the amount of precipitation that falls as snow when
temperatures are below freezing. Limited studies have reported changes to snow depth across
Canada, and more specifically the sub-arctic, as spatial snow depth observations are challenging
to measure accurately (further discussed in Section 1.4). Daily snow depth measurement collected
from ECCC weather stations have been used to observe trends of snow depth across Canada.
However, there are limited stations representing Canada’s sub-arctic and many trends reported
were not statistically significant.
Nevertheless, based on weather station data, mean monthly snow depth between 1946 to 1995
across Canada reported an overall decline throughout November to April at the specific station
locations (Brown & Braaten,1998). During this time, the largest decline was seen in March and
was linked to a decrease in snow cover extent. The declining trend continued through to 2017, as
reported by Brown et al. (2021), where findings show a decline of 1.8 cm per decade (since 1955).
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Vincent et al. (2015) found similar results, quantifying the decline of annual maximum snow depth
to a loss of zero to 20 cm over 1950 to 2012, except along the Atlantic coast shoreline of the subarctic, where there was an increase in snow depth. The maximum snow depth was also reported to
have occurred earlier within the snow-on season (Vincent et al., 2018; Brown et al., 2021). Overall,
very few stations represent Canada’s sub-arctic and therefore, these trends are not necessarily
representative of the region, let alone for Canada as a whole. Snow depth observations from
weather stations are not suitable for detecting trends as they only represent one point (Brown &
Braaten, 1998). An increase in data availability with a long temporal record would be necessary to
improve trends being observed with snow depth.
Future projections of snow depth are dependent on changes in precipitation, specifically
snowfall (Derksen et al., 2019). It is difficult to model snow depth, due to the sensitive nature to
many variables that affect snow spatially and temporally (Erickson et al., 2005). A
misrepresentation of climate variables in any model can be an important source of uncertainty for
future projections (Sillman et al., 2017).
1.4 Snow on Lake Ice
As snow accumulates over lake ice after ice freeze-up, the snow is exposed to wind and
metamorphic processes, and develops a heterogeneous snow surface across the lake ice (Adams,
1976a). The presence and properties (e.g., depth, density, thermal conductivity) of snow affect the
ice thickness and the type of ice formed (Leppäranta, 1983). Ice formation can occur through
surficial or basal processes, relating to the refreezing of slush, or the freezing of lake water in the
water column (white ice or congelation ice), respectively (Adams,1976a). Snow on the ice
influences which process will occur, in combination with air temperature.
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Snow can impact congelation ice (or black ice) growth due to the highly insulative properties
snow holds (Adams, 1976a; Brown & Duguay, 2010). As ice forms, energy is released as latent
heat, and this released heat becomes trapped by the insulative snow. The snow, acting as a thermal
barrier, inhibits heat from passing through to the atmosphere which prevents cooling of the water
column, and in turn slows the growth of congelation ice. As the density of the snow increases, the
thermal conductivity will increase which promotes ice growth (Sturm et al., 1997). Conversely,
with an increase in snow depth, the rate at which congelation ice growth occurs will decrease
(Brown & Duguay, 2010). In considering snow depth and density over lake ice, snow depth varies
spatially to a larger degree than density (Gunn et al., 2021a; King et al., 2020), and is therefore
the more sensitive parameter concerning congelation ice formation.
While snow present on lake ice can inhibit ice growth, snow can also affect the timing of melt
and the ice-free season. The albedo of the snow surface reflects incoming solar radiation and can
lead to a longer ice-on season (Robinson et al., 2021b; Jensen et al., 2007). In the absence of snow
(i.e., snow cover melts off), but presence of white ice (or snow ice), a delay in ice break-up can
also occur (Adams 1976b). This is due to the opaque ice cover that reduces solar penetration
limiting the available energy for ice melt in the water column (Walsh et al., 1998).
White ice forms when snow on top of the ice surface becomes saturated with water, creating a
slush layer that then freezes. The mass and temperature change of the snow layer are important in
the formation of white ice. These properties are related to the energy balance of the snow by the
heat capacitance (or cold content) and determine the point at which the snow will melt. As the
snowpack saturates by either melt water or the introduction of water through precipitation, ice
fractures, or submergence, white ice formation can occur after percolation down to the ice surface
17

and refreezing (Adams, 1976a; Dingman, 2014). Therefore, white ice commonly forms in areas
that experience high levels of snowfall and a variable climate. In areas that favor these conditions,
the snow can lead to an increase in ice thickness, but also affect the heat exchange between the
water column and atmosphere affecting the rate of congelation ice growth (Adams 1976b; Adams
& Lasenby, 1978)
Due to the high degree of wind exposure, snow on lake ice is redistributed and densified and
therefore is a spatially heterogeneous surface. Snow depth measured in one location on lake ice
can vary significantly just meters away, as Duguay et al. (2003) found on lakes in Churchill,
Manitoba. The uneven distribution of snow causes inconsistent ice thickness across the lake
(Adams, 1976a; Sturm & Liston, 2003; Duguay et al., 2003). This inconsistent ice thickness brings
importance to understanding the distribution of snow depth over lake ice which can improve
thermodynamic lake ice modelling significantly (Kheyrollah Pour et al., 2017; Semmler et al.,
2012).
Studies have used an empirical relationship between snow depth and ice thickness based off
Doronin’s (1971) method (e.g., Wang et al., 2010; Rudjord et al., 2022) or in-situ observations
(e.g., Kheyrollah Pour et al., 2017) to model ice thickness. In addition, snow depth scenarios, such
as a fraction of the snow depth measured on land, to represent snow depth across the lake have
been used (e.g., Duguay et al., 2003; Brown & Duguay, 2011b). This has been shown through
simulations processed from CLIMo, using input parameters: air temperature, relative humidity,
wind speed, cloud amount, and snow fall using different snow scenarios over lake ice (Duguay et
al., 2003). Snow scenarios on lakes is often represented using simple zero snow cover to 100 %
snow cover, where 100 % is the snow depth measured at the nearest weather station (Brown &
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Duguay et al., 2011a). When known in-situ snow depth measurements over lake ice are available,
they are compared to the recorded measurement at the nearest weather station to calculate the snow
depth fraction (e.g., Kheyrollah Pour et al., 2017). Using a snow cover fraction can be more
accurate than empirical modelling of snow (Kheyrollah Pour et al., 2017). However, snow cover
fraction scenarios do not capture the heterogeneity of the snow present over lake ice accurately, as
it is currently challenging to measure snow depth over a large spatial scale.
The input for snow accumulation into thermodynamic lake ice models has also been
incorporated using physics-based models. The snow depth can be calculated through utilizing
known precipitation and an assumed initial snow density (Semmler et al., 2012). For example, the
high-resolution thermodynamic snow and ice model (HIGHTSI), which considers the packing of
snow grains and melt-freeze metamorphism over time, and is accounted for using air temperature,
wind speed, and precipitation obtained from observations or numerical weather prediction (Yang
et al., 2012). However, to capture a realistic simulation of snow, it is required that parameters such
as snow density, snow heat conductivity, albedo of the snow and ice, and the amount of slush or
white ice are well represented (Semmler et al., 2012). Physics-based models, such as HIGHTSI,
are subject to inaccuracies in reported snow depth, because of bias, or underestimation of in-situ
forcing data, or misrepresentations of precipitation from numerical weather prediction outputs
(Yang et al., 2012).
Acquiring accurate snow depth observations over lake ice is challenging and can require a
great deal of time spent in the field. The availability of snow observations on lake ice are impeded
by the remoteness of sub-arctic lakes. Methods to measure snow properties (e.g., snow depth, snow
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density) have commonly used manual or automated probes to collect in-situ observations, but
remote sensing techniques are becoming more frequently utilized.
1.4.1 In-situ observations
Weather stations have been set up across Canada to record snow depth observations locally as
part of the ECCC daily snow depth network (Government of Canada, 2020). Weather stations have
been recording daily snow depths as early as 1941. The network started with around 200 active
stations and increased to over 1600 by 1981, then saw a decline as of 1994 (Brown et al., 2021).
Figure 1.5 shows the distribution of weather stations across Canada that are part of the historical
climate data record, indicating the active weather stations as of 2013 (680 active; Yu, 2013). The
network of weather stations is not evenly distributed across Canada. The sub-arctic region had just
over 90 active stations in 2013 out of the 680 located across Canada.
In addition to the lack of representation in the sub-arctic region, the snow depth reported at
weather stations is on land, generally at airports or close to lake shorelines, with very few set up
on the lake (e.g., GSL Bouy recorded data 1997 to 2001 for June – August, Landing Lake from
2008 to present for April – September; Spence & Hedstrom, 2018). With the location of these
weather stations on land or close to lake shorelines, the snow depth recorded as one point
measurement is not representative of the snow depth on lake ice. Because of the exposed nature of
lakes, the distribution of snow over lake ice is more variable than snow over land due to the
increased exposure to wind and limited surrounding vegetation (Adams, 1976a; Kind, 1981). The
open lake surface is more likely to have a shallower snowpack by 30 % compared to snow over
land (Kheyrollah-Pour et al, 2017; Gunn et al., 2015). Densification from wind causes snow over
lake ice to be ~ 20 % greater than snow over land (Sturm & Liston, 2003; Derksen et al., 2009).
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Figure 1.5: Locations of operational (red) and non-operational (green) ECCC weather stations
across Canada as of 2013 (Yu, 2013). Initial locations for stations that were relocated are included.

In-situ observations of ruler snow depth on lake ice for 195 locations have been reported though
Canada’s ice thickness program (Canadian Ice Service, 2021). Snow and ice observations were
collected as early as 1948, with weekly measurements recorded during the ice-on season
(Lenormand et al., 2002). The record has limited spatial data and the exact lake location is not
always reported (i.e., Yellowknife). Figure 1.6 shows the general location for each of the temporal
ice and snow records. The Canadian ice program saw a decrease in observation locations as of
2002, where only 11 locations were still active, all located in Northern Canada (one in sub-arctic),
but few measurements have been recorded since 2016. Although these observations provide a
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strong temporal record, as individual data points the observations remain limited in spatial
representation for each lake.
Traditional methods to measure snow depth produce single point data through tools such as
rulers or automated devices (Neumann et al., 2006; Figure 1.7). These methods have proven
successful when looking at specific locations that can be represented with limited measurements,
as shown with the use of the magnaprobe by Sturm and Holmgren (2018). The device consists of
a steel rod equipped with a magnetostrictive device and a sliding basket to measure the snow depth,
and a global positioning system (GPS) to easily record the spatial location of the known
measurement by the click of a button. The magnaprobe is accurate and fast in measuring a direct
snow depth observation and has been shown to be incredibly useful as a validation tool for methods
that measure snow depth indirectly on a larger spatial scale (e.g., Walker et al., 2020; Gunn et al.,
2021a; McGrath et al., 2019). Snow depth has also been measured indirectly using the Snow Ice
Mass Balance Apparatus (SIMBA), where a thermistor chain measures vertical temperatures
through the water, ice, and snow profile (Cheng et al., 2021). The temperature changes between
the air-snow interface and snow-ice interface can be used to derive the snow depth (Liao et al.,
2018; Cheng et al., 2020). The SIMBA provides a strong temporal record but is limited to
providing data for one spatial location.
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Figure 1.6: Locations of weekly snow depth and ice thickness measurements taken as part of
Canada’s ice thickness program. Many locations have not operated since 2002 (green) while few are
active (red), as of 2016 (Canadian Ice Service, 2021).

Snow density is commonly measured using density cutters in an excavated snow pit and
averaged to represent bulk density (Proksch et al., 2016; Figure 1.7c). Bulk density can also be
measured using a vertical snow tube (Figure 1.7d). Both methods result in extracting a volume of
snow and weighing the contents to then calculate density. The observations produce point
measurements for a single location and need to be repeated spatially to observe the (horizontal)
variability in density. Tools such as the SnowMicroPenetrometer or ground-penetrating radar
(GPR) can also be used to indirectly capture the spatial variability of density (King et al., 2020;
McGrath et al., 2022).
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d)

Figure 1.7: (a) A ruler and (b) snow depth probe (magnaprobe) are common instruments used for
in-situ snow depth measurements, while (c) density cutter and (d) snow tube are commonly used to
measure density.

Regional scale snow depth and density observations are logistically impossible using
contemporary methods (i.e., in-situ point measurements), due to the wind and metamorphic
processes causing a spatially heterogeneous snow surface across the lake ice, in addition to the
extensive time required in collecting intensive spatial observations. Recent advancements within
remote sensing have made it possible to observe the spatial variability of snow. Observational
studies of snow now rely on remote sensing techniques for the spatial and temporal continuity
when mapping snow.
1.4.2 Remote Sensing Observations
Remote sensing observations allow for the exploration of snow characteristics (i.e., snow
cover, depth, and density) on local (100 km) to regional (101 km) scales (e.g., Marshall & Koh,
2008; Dietz et al., 2011; King et al., 2013; Painter et al., 2016; Lievens et al., 2019; Walker et al.,
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2020; Gunn et al., 2021a). Space, airborne and ground-based observations can be collected using
different instruments and sensors that provide different temporal and spatial resolutions. The
observable electromagnetic (EM) wavelength is one property of a sensor that characterizes the
resolution and type of remote sensing, either optical or radar (Liang & Wang, 2020). The sensors
are set to a specific wavelength that measures the reflected and emitted EM radiation (Rees, 2006).
Emitted radiation is detected by passive sensors, such as cameras and passive microwave
radiometers. Active remote sensing occurs when EM energy is transmitted by the sensor which
then measures the reflected energy, such as Light Detecting And Ranging (LiDAR) in the optical
case and synthetic aperture radar (SAR). The imagery collected from these sensors can be used for
analysis to calculate specific snow characteristics (i.e., Derksen et al., 2009; Hedrick et al., 2018;
Harder et al., 2020; Lievens et al., 2022; Picard et al., 2022) This section will discuss space and
airborne observations (using microwave and optical sensors), and GPR to measure snow depth,
and in some cases snow cover.
1.4.2.1

Spaceborne Observations

Spaceborne observations are collected in swaths from sensors on board satellites orbiting Earth
(Dietz et al., 2011). Satellites observe Earth at various spatial and temporal resolutions. The orbits
of satellites are predetermined to optimize the collection of data within targeted ranges of latitudes
and temporal overlap (Liang & Wang, 2020). For example, polar orbiting satellites target
observations of Earths high latitude cryosphere. Optical and microwave sensors installed on polar
satellite missions have explored snow cover and depth on the global scale (Dietz et al., 2011)
Snow cover
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Snow cover extent has been mapped since 1966 using optical imagery (Hall et al., 2015) and
across difficult terrain (Crawford et al., 2013). Imagery collected using optical satellite sensors has
commonly been used to map snow cover extent. For example, Moderate Resolution Imaging
Spectroradiometer (MODIS) data in visible and shortwave infrared wavelengths are combined to
develop snow cover products using the Normalized Difference Snow Index (NDSI; Appendix A.3;
Hall et al., 2002; Salomonson & Appel, 2004). MODIS takes swaths at a 500 m spatial resolution
with either one day (between MODIS-Terra and MODIS-Aqua), or eight-day temporal resolution.
Additional satellites, such as Landsat 7 and Copernicus Sentinel-2 are equipped with optical
sensors capable of measuring snow cover extent at higher spatial resolutions (30 m and 20m,
respectively), but with lower temporal resolutions (16 days and 5 days, respectively), than MODIS
(e.g., Donmez et al., 2020; Hofmeister et al., 2022). Satellite-derived snow cover extent using
instruments that record data at a higher spatial resolution have shown more accurate results
(Malnes et al., 2016). Optical methods using satellite imagery are mostly common for global
studies, but mixed pixels of snow and land (due to the low spatial resolution) create a limitation
(Malnes et al., 2016; Rittger et al., 2013). Cloud cover can also obscure the ground surface and
limits the amount of usable imagery available for analysis (Hofmeister et al., 2022). Over the lake,
the inclusion of lakes can also lead to an over estimation in snow cover extent when snow has
melted on the lake ice and surrounding land, but the ice is still present (Derksen et al., 2005; Frei
& Lee, 2010).
Snow cover extent has also been derived using microwave remote sensing through brightness
temperatures (e.g., Hall et al., 1991; Wulder et al., 2007). Microwave sensors measure at longer
wavelengths (1 mm to 1 m) than optical and can penetrate through cloud cover avoiding
atmospheric scattering (Tedesco, 2015). Additionally, passive microwave sensors generally have
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a higher temporal resolution than optical sensors. For example, the advanced microwave scanning
radiometer earth observing system (AMSR-E) sensor used to map snow cover extent, offered a
temporal resolution of one day and spatial resolution between 2.5 and 12.5 km (depending on the
frequency measured by each channel; Kelly, 2009).
Snow is efficient at scattering the microwave radiation naturally emitted from Earth due to the
similarity in wavelength to the size of the snow grains (Matzler, 1994; Grody, 2008). A typical
grain size of snow can be approximately 1 to 5 mm (Langlois et al., 2020), and frequencies such
as 19 and 37 GHz would have a wavelength of approximately 13 and 7 mm, respectively, traveling
through snow (with an assumed velocity of 0.25 m/ns), and based on the Rayleigh criterion the
vertical resolution of radar is one forth the wavelength (i.e., 3.25mm and 1.75 mm; Zeng, 2009;
Everett, 2013). The similarities create a unique volume-scattering signature from the snowpack for
different frequencies, and therefore, positive differences between low and high frequencies (i.e.,
19 and 37 GHz) can identify whether a specific pixel is snow covered (Grody & Basist, 1996).
However, this also identifies precipitation, deserts, and bare frozen ground, so further filtering of
the scattering signature can be done through a decision tree (Figure 1 from Grody & Basist, 1996).
Similar algorithms using passive microwave satellite imagery have also been developed (i.e.,
Chang et al., 1987; Foster et al., 1997; Kelly et al., 2003) and have shown success in accurately
mapping snow cover extent on the global scale when compared to optical satellite methods
(Armstrong & Brodzik, 2001; Foster et al., 2009; Xiao et al., 2021).
In addition, mapping wet snow cover is a challenge using microwave sensors, as the liquid
water in the snow absorbs and emits more microwave radiation as the frequency is increased but
can be abated through using swaths collected at night or morning (before melting of snow induced
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by solar radiation occurs; Grody & Basist, 1996; Derksen et al., 2000). Snow cover extent over
lake ice has a low emissivity due to the radiation reflecting off the lake ice surface, making it
challenging to accurately map (Chang et al., 1997; Derksen et al., 2009). The same phenomenon
can occur to snow cover that has ice layers (known as ice lenses) from melting of the snowpack
and refreezing (Frei et al., 2012).
Snow depth
Snow depth has been calculated from WorldView-3 stereo satellite imagery (e.g., McGrath et
al., 2019; Deschamps-Berger et al., 2020). The satellites (optical) panchromatic sensor captures
images overlapping (stereo-images) and at a high spatial (0.3 m) and temporal (~ 1 day) resolution,
which makes it possible to extract high quality (elevation bias of ~0.62 m) Digital Elevation Model
(DEM) and Digital Surface Models (DSM; Hu et al., 2016). Once snow accumulation has started,
snow depth can be calculated through the subtraction of the DEM (snow-free) from the DSM
(snow-covered). A previous study by McGrath et al. (2019) showed success in this method, finding
a normalized median absolute difference in snow depth of 24 cm for an 8 m spatial resolution data
product when compared to ground-based radar observations in areas with little to no vegetation.
Using stereo satellite imagery to map snow depth over terrain that is variable in elevation (i.e.,
dense forests or mountainous regions) is more challenging (Deschamps-Berger et al., 2020).
Additionally, this technique is met with limitations when measuring snow depth over lake ice due
the changing baseline elevation of the ice surface and the high likelihood of persistent snow cover,
which makes measurements of the bare ice surface unachievable unless an ice thickness freeboard
correction is known (Kwok et al., 2020).
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Optical and radar satellite remote sensing data can be combined to retrieve snow depth over
ice. Recent methods have shown the success in estimating snow depth over Arctic sea ice using
data returns from Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) and CryoSAT-2 on a 25
km grid, reporting an underestimation of ~5+ cm compared to climatologically modelled snow
depths (Kwok et al., 2020; Kacimi & Kwok, 2020). ICESat-2 is equipped with an advanced
topographic laser altimeter system that measures the elevation of the Earth surface at a wavelength
of 0.53 μm, and therefore can identify the air-snow interface. CryoSAT-2 is outfitted with a SAR
interferometric radar altimeter using a Ku band (wavelength = 2.5 to 1.67 cm, frequency = 12 to
18 GHz) and can calculate the ice-only freeboard if estimates of snow bulk density (or snow depth)
are known (Kwok et al., 2020). Snow depth is then estimated through differencing the returns of
the air-snow (from ICESat-2) and the snow-ice interface (from CryoSAT-2). This promising
technique has potential to be applied to large lakes (~ > 50km2) in areas where both satellites pass
over, but challenges may exist with overlapping coverage during the same time period and the
spatial resolution from CryoSAT-2 for representing the snow-ice interface.
Passive microwave imagery can be used to map snow depth, similar to how snow cover extent
is mapped, but algorithms use an estimated bulk snow density value (or snow depth) and a forest
fractional cover, to convert the volume-scattering signature to an estimated snow depth (Chang et
al., 1996; Kelly et al., 2003). More recently, Kelly (2009) improved the retrieval algorithm of
snow depth from passive satellite microwave imagery collected using AMSR-E through
introducing considerations for forested versus not forested pixels at a 25 km resolution, and found
a root mean square error (RMSE) of 22.2 cm compared to in-situ measurements. Challenges seen
using passive microwave satellite imagery are largely due to the low spatial resolution causing
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mixed landscape types across pixels. The same limitations seen for mapping snow cover over lake
ice exist for deriving snow depth.
Overall, satellite remote sensing techniques using optical and radar sensors to map snow cover
extent on a global scale and coarse resolution have been well developed. Satellite imagery makes
it possible to capture the snow cover extent due to the capabilities of collecting continuous data
across the entire globe. However, snow depth has proven to be more challenging to quantify
accurately with limited ground-based observation overlap, and when successful, are captured at
large scales, not necessarily representing the snowpack across different landcover types correctly.
1.4.2.2

Airborne Observations

Airborne observations are collected using payloads equipped with optical or radar sensors on
manual aircraft systems or remotely piloted aircraft systems (RPAS). Aircrafts observe Earth at
high spatial resolutions and allows for repeat surveying. The aerial flight coverage of the aircraft
is generally predetermined to optimize the collection of data for targeted ranges (basin-wide) and
is either piloted manually or remotely through software programming.
Remote sensing of surface elevation using optical techniques such as structure from motion
(SfM) and LiDAR has gained widespread popularity for mapping snow depth using airborne
observations (e.g., Vander Jagt et al., 2015; De Michele et al., 2016; Walker et al., 2020). This is
accomplished by differencing repeated surveys during snow-free and snow-covered conditions.
For example, the Airborne Snow Observatory (ASO) is used in the western United States to target
basin-wide observations of elevation using an airborne laser scanner (LiDAR, with a wavelength
of 1.064 μm) flown at altitudes up to approximately 6,000 m above Earth’s surface (Painter et al.,
2016). Surface elevation has also been collected utilizing optical camera and LiDAR payloads on
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a fixed wing (camera) or multi-copter (camera or LiDAR) remotely piloted aircraft flown at
altitudes of up to 120 m above ground level (Harder et al., 2020). The flight altitude allows for an
increase in spatial resolution when flown lower, but there are benefits of collecting data over a
larger area with flights at higher altitudes (i.e., using manual aircraft) because of the wider swath
(Hopkinson et al., 2008). Flight times using RPAS can be constrained to 15 to 70 min depending
on the system and payload being used, the weather conditions, and the aerial coverage being
obtained (Harder et al.,.2020).
The use of LiDAR and optical cameras on airborne instruments allows for accurately mapping
the distribution of snow depth at a high spatial resolution across different terrain. Walker et al.
(2020) mapped snow depth over areas from 0.75 km2 to 2.35 km2 in tundra environments with
using a DEM from airborne LiDAR (snow-free) and DSM from RPAS SfM (snow-covered). The
one-meter spatial resolution product comparable to in-situ observations reported a RMSE of 7 to
30 cm, depending on the study site (Walker et al., 2020). Similarly, Harder et al. (2016) mapped
snow depth across prairie and mountain environments using RPAS SfM and reported a RMSE of
~11.25 cm and 8.5 cm, respectively. These reported accuracies are generally consistent across
studies that utilize optical sensors on airborne instruments to map snow depth over land (e.g.,
Nolan et al., 2015; Painter et al., 2016). However, these techniques are met with limitations when
measuring snow depth over lake ice, as it is challenging to accurately map the elevation of the ice
surface. This is due to the weight of the snowpack which causes a changing baseline elevation of
the ice surface (as previously explained in Section 1.4.2.1). Gunn et al. (2021a) was the first to
map snow depth on lake ice successfully and avoided this limitation through using an open-water
LiDAR flight and calculating the ice freeboard using ice thickness measurements from GPR. In
doing so, Gunn et al. (2021a) found that there is variation of the ice surface spatially, therefore,
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the freeboard correction could only be accounted for as a mean value or where ice thickness and
snow depth measurements were obtained. Overall, snow depth over lake ice was estimated with a
RMSE of ~ 6 cm when compared to in-situ observations. It is possible to mitigate the limitation of
remote sensing of lake snow by making observations of the snow depth, and GPR is one such tool
for accomplishing this.
1.4.2.3

Ground-Penetrating Radar

GPR is widely utilized for quantifying snow depth on land (e.g., Holbrook et al., 2016; Webb,
2017; McGrath et al., 2019), sea ice (e.g., Pfaffhuber et al., 2017; Matsumoto et al., 2019), and
glacial firn (e.g., McGrath et al., 2018). Collecting high spatial resolution (~10 cm) point
observations along transects fast and efficiently on a local scale, gives GPR an advantage over
manual or automated depth probing tools (such as the magnaprobe). However, GPR is incapable
of directly observing snow depth, as an observation of dry snow density (or snow depth and the
radar travel-time for calibration) is required to estimate snow depth from GPR (Marshall et al.,
2005).
Equipped with a transmitting and receiving antenna, generally at a fixed offset, the transmitting
antenna sends an EM pulse at nadir through the snow and measures the amplitude as a function of
the two-way travel-time (TWT). The radar wave pulse travels through the snow and reflects off
the ice surface (or ground) back to the receiving antenna. The differences in dielectric constant
between the snow (𝜺 = ~1.5) and ice surface (𝜺 = ~3.15) give rise to radar reflections which
identify the interface (Galley et al., 2009). GPR can operate in the very high frequency (20 MHz)
to ultra-high frequency (3000 MHz) range. Relative permittivity is often calculated empirically
using an observation of dry snow density (Kovacs et al., 1995) and is used to estimate the radar
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wave speed, which allows for the estimation of snow depth. To improve the calculation of the
relative permittivity for radar applications in snow, Webb et al. (2021) applied precise field
measurements of density and liquid water content, to derive a new empirical relationship which
differentiates between wet and dry snow. This equation performed better than the various sets of
empirical permittivity equations taken from prior literature.
The frequency of the sensor and the wave speed of the radar pulse, with knowledge on the
relative permittivity, can determine how deep the signal can penetrate through the snow. Higher
frequencies have a shorter wavelength, and therefore greater resolution in travel-time, and are
commonly applied for measuring snow properties. McGrath et al. (2019) used a 1.6 GHz sensor
to estimate snow depth over land. They applied an average bulk density from snow pits to calculate
the relative permittivity following the Kovacs et al. (1995) method and picked the TWT using a
semi-automatic algorithm to estimate depth. McGrath et al. (2019) reported a RMSE of 18 cm
when compared to in-situ snow depths on a snowpack ranging between ~ 50 to 200 cm. Using an
800 MHz antenna, Holbrook et al. (2016) reported an average difference of 13 cm for a snowpack
with an average depth of 133 cm. Webb et al. (2017) used known snow depths with wave speed
estimates as a calibration step to determine the snow depth from GPR (using a 1 GHz sensor) but
does not report the accuracy of this method.
GPR has also been used to measure snow over sea ice. Using the 1 GHz sensor, Galley et al.
(2009) found an 8.3 % difference in snow depth over sea ice when compared to in-situ snow depth
observations. Snow overlying ice tends be shallower than snow on the ground in many climates,
which limits snow depth analysis using GPR. Pfaffhuber et al. (2017) reported challenges in
measuring thin snow (<10 cm) with 800 MHz GPR, but report RMSE accuracies of ~ 3 cm for
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deeper snow (> 10 cm). Thin snow cover on lake ice is a challenge that has not previously been
addressed. Within this thesis, a signal processing step is applied that allowed the examination of
snow depths as shallow as 7 cm. In doing so this study addressed a research gap, in the following
section additional knowledge gaps surrounding snow on lake ice are elaborated on.
1.4.3 Research Gap
Snow depth observations over lake ice are limited due to the logistical challenges previously
discussed in Section 1.4. The need for an automated method to collect accurate regional high
spatial resolution data of lake ice snow depth observations is required for the development of the
next generation of thermodynamic lake ice models as suggested by previous studies (Duguay et
al., 2003; Kheyrollah Pour et al., 2017). In addition, it has been projected that changes in air
temperature and precipitation will influence lake ice and snow conditions. With future projections
of lake ice phenology and thickness expecting to decline (Brown & Duguay, 2011a), it is expected
Canada will lose access to 13 % of northern areas currently only accessible by ice roads
(Stephenson et al., 2011). Therefore, understanding and accurately measuring snow over lake ice
is needed now more than ever.
1.5 Research Objectives
The aim of this research is to improve our knowledge and understanding of the distribution of
snow depth over lake ice through adapting an algorithm to accurately retrieve and map snow depth
on Canadian sub-arctic lakes using GPR. This research focuses on four freshwater lakes chosen
due to their close proximity in latitude and differences in lake physical characteristics (i.e., surface
area, shape) which provides the opportunity to explore snow distribution across the different lakes
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with different physical characteristics. The aim of this research will be achieved through the
following specific objectives:
1. Adapt a fully automated snow processing algorithm for lake ice to retrieve accurate
snow depth using GPR Two-Way Travel Times,
2. Validate the snow-depth retrieval algorithm using in-situ observations from four lakes
around Yellowknife, NWT,
3. Accurately map the distribution of snow depth spatially over lakes.
Chapter 2, written in manuscript form, details the above-mentioned research objectives. The
final chapter (Chapter 3) of this thesis provides a general summary discussing contributions made
to the field. The chapter also talks about next steps in measuring snow over lake ice and the use of
GPR for other applications on lakes ice studies.
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Chapter 2. Mapping Snow Depth over lake ice in Canada’s Sub-arctic using
Ground-Penetrating Radar
2.1 Abstract
Ice thickness across lake ice is largely influenced by the presence of snow and its distribution,
as it directly impacts the rate of lake ice growth. The spatial distribution of snow depth over lake
ice varies and is driven by wind redistribution and snowpack metamorphism, creating variability
in the lake ice thickness. The accuracy and consistency of snow depth measurement data on lake
ice are challenging and sparse. Traditional methods to measure snow depth produce single-point
data through tools such as rulers or automated devices, however, these data are not representative
of the distribution of snow across lake ice. This study maps the distribution of snow depth over
lake ice, using Ground Penetrating Radar (GPR) two-way travel-time (TWT) with ~9 cm spatial
resolution. The study compares collected in-situ snow depth observations using a magnaprobe, to
those derived from the GPR TWTs along transects totaling ~44 km, over four freshwater lakes in
Canada’s sub-arctic. On average, the snow depth derived from GPR TWTs is estimated with a root
mean square error of 1.58 cm, and a mean bias error of -0.01 cm. Overall, this study showed an
improvement in lake snow depth retrieval accuracy, which is essential for hydrological and lake
ice modelling communities.
2.2 Introduction
The distribution of snow depth over lake ice affects the formation and thickness of ice over the
entire lake. While snowfall can advance the onset of lake freeze-up, once the ice has formed, the
snow accumulation hinders the ice growth in the water column (Adams, 1976a). Snow present acts
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as an insulative barrier due to the lower thermal conductivity of snow than that of ice and,
therefore, affects the heat released from the water column to the atmosphere. This process slows
the rate of congelation ice (or black ice) growth (Brown & Duguay, 2010; Leppäranta, 2015).
While snow present on lake ice can inhibit ice growth, snow can also affect the timing of melt and
the ice-free season. The albedo of the snow surface reflects incoming solar radiation and can lead
to a longer ice-on season (Robinson et al., 2021b; Jensen et al., 2007). Additionally, snow can lead
to the production of ice growth (as snow ice) in the event the snow on the ice surface encounters
water, forming slush, and then freezing (Leppäranta, 1983). This process can occur through the
upwelling of water through cracks, precipitation falling as rain, or heavy snow causing the
depression of ice below the water level.
Snow and lake ice are sensitive to a change in air temperature. As warming is occurring in
Northern Canada at twice the global rate and is expected to continue to increase (Zhang et al.,
2019), a change in the surface-atmosphere energy balance will directly affect snow and lake ice
conditions (Brown & Duguay, 2010). Changes are causing a shift in the duration of ice-on season
(Magnuson et al., 2000; Benson et al., 2011) and ice thickness (Kholoptsev et al., 2021). Northern
communities rely on lake ice for cultural and recreational use, as well as a source of transportation
through ice roads (Knoll et al., 2019). Ice roads allow travel to neighbouring communities, and
alternative access to goods and supplies (instead of transport via airplane). With warming projected
to increase, it can be expected that the safety of ice roads and operational duration will be affected
(Mullan et al., 2021).
As the presence of snow over lake ice directly affects ice thickness, measuring snow depth on
lake ice is crucial for lake modelling and ice thickness estimation on a regional scale. Previous
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studies show that accurate snow depth observations over lake ice can improve the thermodynamic
lake ice models significantly (Kheyrollah Pour et al., 2017).
Daily snow depths are reported across Canada using instruments, such as a manual ruler or a
sonic sensor, at weather stations located on land (Brown et al., 2021). However, the depth of snow
on land does not compare to snow over lake ice (Sturm & Liston, 2003). The distribution of snow
over lake ice is affected more significantly by wind, due to the open nature of lakes and the lack
of vegetation catchments, which in addition, create a heterogeneous snow surface across the lake
ice (Adams, 1976a). Snow depth over lake ice is ~ 30 % less than that over land (Gunn et al., 2015;
Kheyrollah Pour et al., 2017) such that, incorporating land-based snow observations into a
thermodynamic lake ice model would negatively bias the ice thickness estimations. The
improvement of snow depth observations and retrieval of an accurate higher spatial resolution
snow depth is essential for hydrological and lake ice studies (Kheyrollah Pour et al., 2017; Marsh
et al., 2020).
Currently, retrieving accurate snow depth observations over lake ice and mapping the spatial
distribution and heterogeneity of snow over ice is challenging because of the limited support of
point measurements using contemporary methods (Sturm & Holmgren, 2018). Due to the limited
spatial coverage that current methods pose, it is not logistically feasible to measure the snow depth
on lake-wide scales. And while recent advancements have utilized Structure from Motion (SfM)
from remotely piloted aircraft system (RPAS) acquisitions to map snow depth over land (i.e.,
Walker et al., 2020; Harder et al., 2016), this technique is limited in representing the lake ice
surface elevation because the ice surface is rarely exposed prior to snow accumulation, and the
accumulation of snow, which submerges the ice, invalidates the elevation baseline (Adams,
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1976b). A freeboard correction compensates for the change in ice surface elevation to the open
water surface, however, this method requires prior information on the snowpack and ice thickness
(Gunn et al., 2021a). Ground Penetrating Radar (GPR) is one technique that can estimate snow
depth and ice thickness simultaneously to be applied within the freeboard correction. GPR systems
transmit an EM wave and record the measured amplitude as a function of two-way travel-time
(TWT) as the signal travels from the transmitting antenna, through a medium and reflects back to
the receiving antenna at each interface. GPR is a recognized tool for measuring the spatio-temporal
patterns of deep snow over land, sea ice, and glacial firn (McGrath et al., 2019, 2022; Meehan et
al., 2021; Pfaffhuber et al., 2017). Over lake ice, GPR is commonly used to retrieve ice thickness,
however, lake snow depth retrieval using GPR is challenging due to the GPR signal attenuations
as well as the shallow snow-ice interface (Arcone & Delaney, 1987; Barrette, 2011; Proskin et al.,
2011; Gunn et al., 2021a; Gunn et al., 2021b). These challenges are mitigated through additional
signal processing of the radargrams as presented in this work.
Our goal is to improve the knowledge and understanding of the distribution of snow depth over
lake ice. We utilize extensive GPR two-way travel-time (TWT) observations and in-situ
observations of lake snow depth and density to complete the following objectives: (1) Improve the
retrieval of lake snow depth observations through adapting a fully automated snow processing
algorithm for lake ice using GPR TWTs, (2) Validate the snow-depth retrieval algorithm using insitu observations, and (3) map the distribution of snow depth spatially over lakes. The outcome
will increase the data availability of lake snow depth which benefits the hydrological and lake ice
modelling communities.

39

2.3 Study Area
In this study, GPR is used to derive and map snow depth over lake ice on four freshwater lakes
located north of Yellowknife NWT during early and late winter season, such as Landing Lake
(62.5587 °N, 114.4103 °W), Finger Lake (62.5750 °N, 114.3587 °W), Long Lake (62.4772 °N,
114.4422 °W), and Vee Lake (62.5555°N, 114.3502 °W) shown in Figure 2.1. All four lakes are

located within the North Slave region. These lakes are generally covered by ice from October to
April. The four lakes are close in proximity to one another but vary in shape and size (Table 2.1).
It is expected that the wind fetch and shoreline vegetation affect the snow distribution on these
lakes differently. This study uses data collected on areas within the four lakes, as identified in
Figure 1b, covering regions along the shoreline, as well as open areas.

Figure 2. 1: (a) This study focuses on four lakes located north of Yellowknife, NWT, Canada, (b)
Landing Lake, Finger Lake, Vee Lake and Long Lake shown on different scales depicting the area
data collection took place (shaded colour). (c) The location of the GPR transects (Left) and in-situ
snow depth and density measurements (Right) on Vee Lake.
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Data collection for this study took place during 2021-2022 early winter season (between
December 7th to 14th, 2021) for all lakes, as well as, during late season (March 27th, 2022) to capture
the variability of snow depth in late season on a deeper snowpack on Landing Lake. Here, we will
refer to Landing-D Lake to represent data collection that took place in December and Landing-M
Lake to represent data collected in March. The additional three lakes will be referred to as Finger,
Long and Vee Lakes. During initial data collection, air temperatures ranged from -30°C to -15°C,
and initial snow on the ground (December 7th, 2021) reported on land at the nearby Meteorological
Service of Canada Yellowknife A weather station was 18 cm (Figure 2.2). Through the time spent
in the field, an additional 8 cm of snow fell (December 7-14th 2021). Returning in March 2022, the
initial snow on the ground was reported at 42 cm and air temperatures around -20°C.
Table 2.1: Data collection took place on four lakes during early winter (December 2021) and late
winter (March 2022, Landing Lake only) season. The surface area (SA), perimeter (P) and SA/P
ratio are reported based on the entire shape of the lakes.
Site

Date Visited

Latitude Longitude

SA (km2)

P (km) SA/ P (km)

Finger Lake

12/09/2021

62.5750

-114.3587

0.04

1.44

0.03

Long Lake

12/12/2021

62.4772

-114.4422

1.13

10.35

0.11

Vee Lake

12/14/2021

62.5555

-114.3502

0.70

8.63

0.08

Landing-D Lake

12/07/2021

62.5587

-114.4103

1.08

11.71

0.09

Landing-M Lake 03/27/2022
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Figure 2. 2: (a) The daily mean (solid line) and daily minimum and maximum air temperature, as
well as (b) snowfall (grey bar graph) and snow on the ground (solid line) are shown for each day
spent in the field (dash line) based on Yellowknife weather station climate data.

2.4 Methodology
2.4.1 GPR Data Acquisition
GPR transects were acquired using the IceMap system (Sensors and Software Inc, 2022) paired
with the 1000MHz Noggin sensor, with both the transmitting and receiving antennas oriented
parallel at a fixed separation of 7.5cm. The IceMap system is configured with a GPS capable of
recording location data simultaneously with the radar pulses, providing an accuracy of ± < 2 m for
horizontal position. During the data acquisition, the IceMap GPR was set up in a sled pulled by a
snowmachine. In the sled (Figure 2.3), the 1000MHz Noggin Sensor was positioned behind the
IceMap box and lined up with a Leica Global Navigation Satellite System (GNSS) Real-Time
Kinematic (RTK) rover (Leica Geosystems, 2018). Using the GNSS RTK rover, the location data
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was recorded at a higher accuracy, which was later processed and paired with the GPR pulse
locations to improve the coordinate quality in 3-dimensions to ± < 0.02 m (see Section 2.4.3.2).
While traveling at ~ 4 m/s, the resulting GPR trace spacing was ~ 9 cm, dependent on any slight
changes in the speed of the snowmachine. Approximately 38 km of GPR data was acquired over
the four lakes initially traversed between December 7th to 14th, 2021 and an additional 6 km in
March 2022, when revisiting Landing Lake. The transects were created following a gridded pattern
to best cover the study area.

a)

b)

c)

Figure 2. 3: (a) The GPR was pulled by a snowmachine. (b) The 1000 MHz sensor was paired with
the GPR and an external GNSS rover recorded data simultaneously, to improve the spatial
accuracy of the collected transects. (c) A local base station was set up on the lake for GNSS postprocessing.

2.4.2 In-situ Observations
In-situ snow depth and density observations were gathered across areas of undisturbed snow
and close to the GPR transects, as shown in Figure 2.1c. Snow depths (Table 2.2) were collected
using a SnowHydro Magnaprobe (Sturm et al., 1999; SnowHydro, 2013) along grids or transects
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across the lake, with the average spacing varying between lakes (~ 2.5 m). The magnaprobe is
equipped with a metal rod probe that penetrates the snowpack to the ice surface and a sliding basket
that sits on the surface of the snow, recording the snow depth. The spatial accuracy for the
magnaprobe GNSS receiver with use in the Arctic has been reported as ± 5 to10 m (Walker et al.,
2020), with a 0.01 m depth precision (Sturm & Holmgren, 2018). With known limitations in the
Magnaprobe GNSS accuracy, we used the RTK GNSS rover to measure the location of 291
magnaprobe measurements spaced out along the sampling transects on 3 of the 4 lakes (Landing,
Finger, Vee). We found the error from the magnaprobe GNSS to be between 1.72 m to 8.43 m,
with a mean (± standard deviation) error of 4.44 ±1 m.
For each lake, snow density was sampled at 6 to 10 locations which were then averaged (Table
2.2). The mean snow density is used as a guide in determining the appropriate density to use in
deriving the snow depth. With limitations in fully capturing the variability of density across each
area of focus, in later steps (see Section 2.4.3.4), we applied densities within ±1 standard deviation
of the mean to derive the snow depth from the GPR TWT.
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Table 2.2: In-situ snow depth, hs and density, ρ measurements were taken on the four lakes in
December 2021 and, March 2022 on Landing-M. The density and snow depth varied between the
four lakes (r = range, 𝛔 = standard deviation, n = count).
Site

Mean

Finger Lake
Long Lake
Vee Lake
Landing-D Lake
Landing-M Lake

ρ

kg/m3

hs

cm

ρ

kg/m3

hs

cm

ρ

kg/m3

hs

cm

ρ

kg/m3

hs

cm

ρ
hs

kg/m3
cm

Min

Max

σ

r

n

160

140

190

50

15

10

13.52

4.84

18.48

13.54

2.73

583

245

180

310

130

47

7

13.98

6.12

23.78

17.66

3.29

475

195

160

270

90

34

8

16.09

6.29

21.00

14.71

2.48

427

170

140

200

60

21

6

10.21

4.34

18.89

14.55

2.33

617

220
35.61

182
24.70

300
50.81

118
26.02

36
4.54

10
595

2.4.3 Snow Depth Retrievals from GPR data
2.4.3.1

GPR Signal Processing

The snow-ice interface is challenging to identify due to interference between the direct wave
and the reflection from the shallow snow-ice interface, in addition to the noise caused from
wavefield scattering and antenna bounce. To account for this, the radargrams went through signal
processing to remove any noise before automatically picking the TWTs. Initial processing
consisted of applying a de-WOW filter (band-pass filter with a mean subtraction) to the measured
amplitudes for each trace (Gerlitz et al., 1993). Next, a time-zero correction was applied to correct
the first break times to ensure the snow surface was set to zero nanoseconds (Ihamouten et al.,
2010). Followed by a background median subtraction filter, which removed the coherent “ringing”
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noise and the direct arrivals that masked the shallow reflections (Kim et al., 2007). Additionally,
trace stacking was applied to smooth the image (Yilmaz, 2001).
2.4.3.2

GPR Trace Location Correction

Through simultaneously collecting spatial data using the RTK rover during the GPR data
acquisition, the timestamp from both the RTK GNSS and GPR GPS were used to pair the points
and replace the spatial data of the GPR with the location recorded from the RTK GNSS. The RTK
GNSS spatial data (X, Y, Z) was set to collect every 0.5 m for each lake. To account for the lower
collection frequency of the RTK rover, the GPR traces that were not paired with an RTK GNSS
point were linearly interpolated. In comparing the accuracy of the GPR GPS to the RTK GNSS
for the paired locations, the error in GPS accuracy (easting & northing) was between 0.22 m to
4.97 m, with a mean Euclidean difference of 2.63 ± 1.21 m.
2.4.3.3

Automatically picking GPR TWT

The GPR TWTs were extracted using the modified energy ratio algorithm (Wong et al., 2009),
which automatically picks the first break. With input of an estimated depth and wave speed, the
picker is guided to a region of the time window and picks the first initial zero crossing of the
wavelet reflection, identifying the TWT. The radargram after signal processing can be seen in
Figure 2.4a showing the TWT automatic picks along a transect on Landing-D Lake. Viewing
Figure 2.4b as a function of elevation (meters above sea level), the variation in snow surface and
thickness as well as ice surface can be seen.
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Figure 2. 4:(a) After applying signal processing, the modified energy ratio algorithm was used to
automatically pick the TWTs. The air-snow interface is represented at time-zero and the snow-ice
and ice-water interfaces were picked using the first initial zero crossing of the wavelet reflection. (b)
The automatic TWT picks are shown as a function of elevation, where the variability in snow
surface, ice surface, and the ice bottom can be seen. (c) The location for this 250 m example is on
Landing-D Lake.

2.4.3.4

Calculating Snow Depth from TWTs and Density

Snow depth was derived using the automatically picked TWTs and the wave speed of the
radar signal. To determine the wave speed of the radar signal traveling through the snow, the
Kovacs et al. (1995) method of calculating the relative permittivity was used. As relative
permittivity is a function of density, measured snow density within a range of one standard
deviation of the average for each lake (Finger = 175 kg/m3, Long = 245 kg/m3, Vee = 195 kg/m3,
Landing-D = 190 kg/m3, Landing -M = 200 kg/m3) was used to calculate relative permittivity as:
𝜺𝒓 = (𝟏 + 𝟎. 𝟖𝟒𝟓𝛒)𝟐

(2.1)
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where ρ is the density of snow, 𝜀𝑟 is the relative permittivity. As the speed of wave (V) at which
the EM wave moves through snow depends on the snow relative permittivity, V was calculated
as:
𝐕=

𝐂
√𝜺𝒓

(2.2)

where C is the speed of light (0.3 m/ns) and 𝜀𝑟 is the relative permittivity. V is calculated for each
lake (Finger = 0.261 m/ns, Long = 0.249 m/ns, Vee =0.258 m/ns, Landing-D = 0.259 m/ns,
Landing-M =0.257 m/ns) and therefore, snow depth (ℎ𝑠 ) was derived using equation 2.3 as:
𝐡𝐬 =

𝐕×𝐓𝐖𝐓
𝟐

(2.3)

where TWT is the two-way GPR travel-time.
2.4.4 Comparing GPR TWT derived snow depth to in-situ snow depth
Derived snow depths from GPR TWTs were compared to in-situ snow depth measurements
collected during fieldwork. Around each measured in-situ snow depth, the GPR traces that fell
within a 6 m radius were used to compare the accuracy of the derived snow depth. The 6 m radius
was chosen due to the location accuracy calculated with the in-situ snow depth observations (mean
error of 4.44 ±1 m; see Section 2.4.2). The snow depths were derived in two different scenarios; 1)
closest match, where the single closest matched snow depths within the 6 m radius was selected,
2) distance weighting, where the closest 50 % of total matched snow depths within the 6 m radius
were selected and distance weighted. The removal of 50 % minimizes the selection of GPR traces
over the 6 m span and accounts for the spatial variability in snow depth expected over this 6 m
length scale.
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2.5 Results
2.5.1 Snow depth from GPR-TWT
Collected GPR data across the four lakes traversed in December 2021 resulted in 406,164
derived snow depth observations (Figure 2.5). The GPR derived snow depths ranged from ~ 7 cm
to 25 cm (Table 2.3), with the shallowest mean snow depth observed on Landing-D Lake on
December 7th by 12.76 ± 3.25 cm, and the deepest mean snow depth on Vee Lake on December
14th by 16.06 ± 3.08 cm. The GPR transects on Landing-D Lake covered the smallest area of
focus, relative to the size of the lake (2.5%) and distance traversed (~ 3 km) and showed snow
depth variability of 15 cm around islands, open areas, and shoreline. The entirety of Finger Lake
(area = 4 ha) was traversed on December 9th, where deeper snow depths were observed along
shorelines and closed off areas (max = 24.83 cm), compared to the open stretch of the lake (min =
6.53 cm). Collected snow depth data on Long Lake, on December 12th, showed the largest spatial
area, spanning 3 km from northwest to southeast, with a total distance covered of 16 km. Long
Lake showed the largest range in snow depth (6.21 cm to 22.34 cm) and density (180 kg/m3 to
310 kg/m3).

Figure 2.5: Maps show the 406,164 GPR derived snow depth observations on GPR transects over
each lake during December 2021 data collection. Background imagery from esri basemap.
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Table 2.3: The GPR TWT-derived snow depth statistics from the four lakes during the December
7– 14, 2021 (r = range, σ = standard deviation, n = count, d = distance traversed, and s = average
trace spacing)

Mean (cm)

Min (cm) Max (cm)

r (cm)

σ (cm)

n

D (km)

S (cm)

Finger Lake

14.60

6.53

24.83

18.29

3.55

63589

5.36

0.08

Long Lake

14.68

6.21

22.34

16.13

3.29

152554

16.27

0.11

Vee Lake

16.06

6.44

23.18

16.74

3.08

151853

12.72

0.08

Landing-D Lake

12.76

7.60

22.42

14.67

3.25

38168

3.06

0.08

2.5.2 Comparing GPR vs. Magnaprobe
For all four lakes, the in-situ snow depth observations (n =1932) were used to validate the
GPR-derived snow depth. The comparison of in-situ and GPR-derived snow depths for scenarios
1 and 2 are shown in Figures 2.6 and 2.7. We found that the minimum error snow depth exists
within a 6 m radius (R2 = 0.92, RMSE = 0.74 cm, MAE = 0.26 cm on average) for all four lakes
(Figure 2.6a). The distance of each minimum error pair was on average 3.79 ± 1.5 m apart,
compared to that of the measured accuracy error with the magnaprobe (4.44 ± 1 m). Through
identifying the distance between each GPR and in-situ snow depth pair, we confirmed that the
GPR measurements further away from the in-situ snow depth are the appropriate pairs, in most
cases (Figure 2.6b). Therefore, we applied scenario 2 to evaluate the accuracy of the GPR-derived
snow depths (Table 2.4) and applied scenario 2 for any further data analysis.
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Figure 2.6: Validation of GPR-derived snow depths using a 6m radius, Scenario 1 (closest match),
(a) scatterplots and (b) histograms of the in-situ and GPR-derived snow depth, and (c) bar plots of
the distance from the paired in-situ to GPR-derived snow depth.

Scenario 2 showed strong agreement between the in-situ and estimated observations (Figure
2.7) with R2 = 0.62, RMSE = 1.58 and MBE = 1.05 cm on average for all lakes. Long Lake showed
the lowest agreement (R2 = 0.50, RMSE = 2.19 cm, MAE = 1.52 cm) with the GPR-derived snow
depth showing slight over and under estimations. The strongest agreement was found on Vee Lake
with R2 = 0.71, RMSE = 1.40 cm, and MAE = 0.83 cm. The relative error of the GPR-derived
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snow depth was 8.22 % on average for all four lakes traversed in December, with Vee Lake being
the most accurate (relative error = 6.25 %) and Long Lake the least (relative error = 11.04 %).

Figure 2.7: Validation of GPR-derived snow depths using a 6m radius, Scenario 1 (Distance
weighting), (a) scatterplots, and (b) histogram of the in-situ and GPR-derived snow depth.

Table 2.4: Statistics of GPR derived snow depths versus the magnaprobe collected snow depths.

R2

MAE (cm)

RMSE (cm)

Finger

0.66

0.92

1.33

-0.14

7.52

554

Long

0.50

1.52

2.19

0.13

11.04

472

Vee

0.71

0.83

1.40

-0.20

6.33

362

Landing-D

0.63

0.94

1.38

0.16

8.06

544

0.63

1.05

1.58

-0.01

8.24

Mean

Bias (cm) Relative Error (%)

n

52

2.5.3 Early Season vs. Late Season
Landing Lake was revisited for data collection on March 27th, 2022, resulting in an additional
73,732 snow depth observations derived from GPR TWTs over ~ 6 km (Figure 2.8). In December
2021 and March 2022, the snow depth derived on Landing Lake varied, with Landing-D Lake
ranging from ~ 8 to 22.50 cm and Landing-M Lake from ~ 10 to 50 cm. The snow depth was on
average 12.76 (± 3.25) cm in December and more than twice that in March (35.83 ± 2.54 cm). The
snow density in early season was on average 170 kg/m3, whereas in later season measured an
average of 220 kg/m3 (Table 2.2). The results showed that agreement between in-situ snow depth
observations and Landing-M Lake GPR-derived snow depth (R2 = 0.66, RMSE = 2.86 cm, Bias =
0.41 cm, n = 498) were not significantly improved when comparing with Landing-D Lake (Figure
2.8). However, the relative error was improved on Landing-M Lake with a deeper snowpack
(5.33 %) to that of Landing-D Lake (8.06 %). During the later season, the GPR could derive the
minimum snow depths seen on Landing Lake, as opposed to that in early season, where the GPRderived snow depth was not able to capture the shallowest snow area (4.5 - 10 cm).
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Figure 2.8: Maps show the GPR derived snow depth on GPR transects and scatterplot and bar plot
comparing in-situ data versus GPR-derived snow on (a) Landing-D Lake during December 2021
with snow depth ranging from ~ 8 cm – 22.50 cm, and (b) Landing-M Lake during March 2022
data collection while Landing-M with a deeper snowpack, ranging from ~10 cm to 50 cm.

2.5.4 Snow Depth Mapping
Snow depth maps were generated at a 1 m resolution through interpolating (inverse-distance
weighting) the GPR-derived snow depth observations (Figure 2.9). Through re-gridding to 1 m
resolution and interpolating, the snow depths range from 8 cm to 22 cm in December 2021. The
deepest snowpack on average was observed on Vee Lake (16.06 ± 3.08 cm), ~ 4 cm deeper than
Landing-D Lake (12.76 ± 3.25 cm) during December 2021. The interpolated GPR-snow depths
consistently show deeper snow around the shoreline perimeter and catchment areas, and shallower
snow on the open areas. Transect profiles (Figure 10.9) created over the 1 m resolution snow depth
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map show an example of the variability in snow depth across each lake. The spatial correlation of
the 1 m resolution snow depths from the GPR transects were estimated using an experimental
semi-variogram that was fit using an exponential model for December 2021 and March 2022 data
collected (Figure 2.10). The largest correlation length was observed on Landing-M Lake (18.18
m). The correlation length on Landing Lake in early season was measured at ~10 m less than
that of late winter season, while Long Lake showed the smallest distance, at 6.42m over the largest
spatial area.
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a)

Finger Lake

Long Lake

d)

c)

e)

g)

b)

Vee Lake

f)

Landing-D Lake

h)

Figure 2.9: (a, b, e, f) Maps show the GPR-derived snow depth using an inverse-distance weighted
model to interpolate the snow depth over the lake ice at 1 m resolution with a (c, d, g, h) transect
profile across a portion of the lake (profile transect ends at the red symbol marked on each lake).
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Figure 2.10: The experimental variograms for GPR-derived snow depth transects were fit to an
exponential model to determine the correlation length.

2.6 Discussion
This study develops our ability to collect snow depth observations over large area of lakes
accurately and efficiently, which are comparable with previous studies over land and sea ice
(Pfaffhuber et al., 2017; McGrath et al., 2019). While GPR has been utilized for the retrieval of
seasonal snowpacks over land and sea ice, this study reveals the success GPR can have in deriving
snow depth over lake ice, where the snowpack is generally shallow and the snow-ice interface is
challenging to capture (Sturm & Liston, 2003). In December 2021 and March 2022, the lakes
consistently showed a shallower snowpack on average (Table 2.3), than snow on the ground
(Figure 2.2) reported at the nearby Yellowknife weather station by an average of 24 to 29 % less
than snow over land in December 2021, and 15 % less in March 2022. This confirms that applying
snow depths that were measured on land as an input to lake ice models for representation of snow
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over lake ice will impact the model accuracy due to overestimating the snow depth. Additionally,
this study demonstrated the distribution of snow over each lake, which showed local-scale
variability of snow depths from redistribution of the snow across all the lakes (correlation lengths
between 6 – 19 m). These lengths are similarly supported in the literature, reporting correlation
lengths from 5 to 20 m (Gunn et al., 2021a; Sturm & Liston, 2003) as the distribution of snow over
lake ice is known to be affected by wind and surrounding vegetation (Adams, 1976a). We found
Long Lake to have the shortest correlation length (6.42 m) and the largest surface area to perimeter
ratio. The northwest to southeast extent for Long Lake is ~3 km and is likely more exposed to
wind redistribution. Moreover, the lower accuracy found on Long Lake could be attributed to the
use of a 6 m buffer to compare the estimated and in-situ snow depth, as the distribution across the
lake is greater than the other lakes observed.
During the field campaign, we used both the 1000 MHz and 500MHz GPR antennas,
however, we have found that 1000 MHz can estimate shallow snow more accurate, especially
during early-season due to the shorter wavelength (not shown). Overall, this study found that a 7
cm threshold exist as a limitation of deriving shallow snow depth from GPR TWT, showing similar
agreement with previous studies (Pfaffhuber et al., 2017), therefore the in-situ observations below
7 cm were not considered. On Landing-D Lake there was frequent snow depression of the
magnaprobe basket (~2 cm on average), where it sat below the snow surface. To account for the
depression of the magnaprobe basket, we have corrected the in-situ data for Landing-D Lake by 2
cm. No correction was applied for compaction caused from the GPR sled, as we found that the
sensitivity in snow depth due to snow density was small for shallow snowpacks, and therefore the
retrieved snow depth was minimally affected by spatial density variability. The snow density
proved 0.16 to 0.50 cm of uncertainty with the GPR derived snow depth in December 2021 and
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0.90 cm in March 2022, based on the mean and ± 1 standard deviation measured in the field.
Although there is a change in density on the sled track ( 𝜌̅ sled = 340 ± 20 kg/m3) compared to the
density of the fresh snow (Table 2.2), the effects from a decrease in depth and increase in density
under compaction from the snowmachine is naturally compensated for, such that the effect on GPR
derived snow depth is minimal because minimal snow mass was lost. Using the density of the sled
track for depth estimation, rather than fresh snow density, the snow depth was derived to be on
average 1.5 cm less. Snow density is known to vary spatially in three-dimensions (King et al.,
2020) but this was not well represented in this study. The effect of snow density on lake ice
formation needs to be further investigated, but we found that this effect on snow depth retrieval
was minimal due to the shallow nature of snow on the lake ice, thus permitting the use of a constant
density in deriving shallow snow depth from GPR.
2.7 Conclusion
We applied an automated processing method to derive snow depth over lake ice accurately and
efficiently using 1000 MHz GPR acquisitions. From the snow density measured on each lake, the
radar wave speed was derived and applied as a constant to convert the GPR TWTs to snow depth.
The GPR traces were collected at a more efficient rate than manual snow observations, covered a
larger spatial area, and required minimal time in the field. Additionally, GPR-derived snow depths
were collected at a higher spatial resolution (mean GPR sample distance ~ 0.09 m, mean
magnaprobe sample distance ~ 2.5 m), and therefore, can identify the spatial variability of snow
depth across lake ice and make it possible to explore the effects of wind redistribution and shoreline
vegetation. We collected ~ 500, 000 GPR-derived snow depth observation during the five days
spent in the field.
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The snow depths derived using GPR TWT over lake ice show similar accuracies compared to
studies that use comparable methods over land and sea ice, with a relative error under 10 %. The
GPR can measure shallow snowpacks over lake ice in early and late winter season. The continuous
point measurements at a high spatial resolution allow for interpolating the snow depth to map the
snow on the lake. The results provide large, accurate data sets that are beneficial to the modelling
community, significantly improving thermodynamic lake ice models.
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Chapter 3. General Discussion
3.1 Contributions to the Field
The research presented within this thesis has introduced a fast, effective, and accurate method
to estimate snow depth on lake ice, while collecting ice thickness measurements simultaneously.
The algorithm used to automatically determine the GPR TWT eliminates time spent interpreting
radargrams and allows for quick interpretation of these data. These advancements are crucial for
understanding local ice conditions to support northern communities with ice road monitoring,
safety, and well-being, now more than ever (Appendix C.1). It is vital to obtain accurate ice
thickness measurements when surveying an ice road due to safety regulations (e.g., Northwest
Territories Transportation, 2015). Ice thickness can be commonly overestimated by GPR, even
when the instrument is calibrated to the ice thickness, by misrepresenting the overlying snow in
the travel-time calculations. The ice may appear overly thick because of the additional travel-time
required for the radar wave to penetrate through the snow. Although snow is generally removed
from ice roads, initial surveys on top of the snow can save time for ice road engineers by getting
initial snow and ice thickness measurements spatially, to assist in determining the safest location
to build. Additionally, surveys of the ice road conducted after snowfall, or drifting snow, will avoid
overestimating ice thickness.
GPR is a powerful tool for efficiently collecting snow depth observations at a high spatial
resolution. Few studies have already explored lake ice snow depths and extent using a combination
of RPAS and GPR, however, to the best of the author’s knowledge, this research is the first to
apply a fully automated method to derive and map lake ice snow depth using only GPR. This
research also offers contributions to the scientific community through offering a large data set of
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snow depth observations over lake ice for validation of satellite remote sensing methods (e.g.,
Snow depth derived from CryoSAT-2 and ICEsat-2), training data for machine learning models of
snow depth (e.g., Hu et al., 2021), and inputs for thermodynamic lake models such as CLIMo
(Duguay et al., 2003) and Flake (Mironov et al., 2010).
3.2 Future Work
Snow over lake ice is a crucial parameter to understand and measure spatially and temporally
to accurately monitor ice thickness (Brown & Duguay, 2010). Through the success in deriving
snow depth over lake ice spatially, further analysis into the distribution of snow density on lake
ice is required. An enhanced spatial representation of snow density can improve the accuracy in
deriving snow depth using GPR and improve the representation of snow thermal conductivity in
lake ice models, as assumptions are commonly made (e.g., Duguay et al., 2003; Kheyrollah Pour
et al., 2017).
Future work will incorporate RPAS SfM of the snow surface to improve the spatial
interpolation of the snow depth, in addition to a higher spatial resolution and the ability to cover a
larger spatial area. Findings from Gunn et al. (2021a) prove the importance of representing the ice
surface elevation spatially. The GPR will allow for increased coverage of the ice surface, while
the RPAS will make it possible to capture the snow distribution close to the lake shorelines where
the snowmobile may get stuck.
The large snow depth data sets derived from GPR TWT provide the opportunity to assess lake
ice model performance when using spatial snow depth observations collected over lake ice.
Although observations are currently only available for four small lakes, using the advancements
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made within this thesis, the method presented here can be applied to other lakes across Canada’s
Arctic and sub-arctic.
3.3 Applications of GPR
In addition to deriving snow depth, GPR is widely utilized for quantifying spatio-temporal
patterns in snow distribution across the cryosphere. This includes deriving snow density (e.g.,
Yildiz et al., 2021; McGrath et al., 2022), liquid water content (e.g., Webb et al., 2018), and
snow stratigraphy (e.g., Heilig et al., 2009) on land. In addition to snow, GPR has gained wide
spread use in permafrost detection (e.g., Hinkel et al., 2001; McClymont et al., 2010;
Braverman & Quinton, 2015), glaciological surveying to quantify surface mass balance (e.g.,
Müller et al., 2010), and glacial firn density and age (e.g., Meehan et al., 2021). Studies have
also utilized GPR for ground-truth data collection of sea ice thickness for satellite validation
(e.g., Matsumoto et al., 2019), lake bathymetry (e.g., Moorman & Frederick, 1997; Proskin et
al., 2011) and monitoring lake ice thickness for use in ice road monitoring (e.g., Barrette, 2011)
and oil storage capacity (e.g., Gunn et al., 2021b).
For lake ice studies specifically, GPR can be largely beneficial as it allows for the collection
of multiple data sets simultaneously. Collecting snow depth, ice thickness and bathymetry of
the lake can be possible with GPR simultaneously. Depending on the frequency of the sensor,
the snow-ice to water composition, electrical conductivity, and depth of the lake, the radar can
penetrate depths reaching the snow-ice, ice-water and water-bottom interfaces. With a known
dielectric constant for each medium, or a calibration depth and GPR TWT, the depth of the
different boundary layers can be identified. The versatility of the instrument makes GPR an
essential, easy-use tool, ideal for remote field work. The collection of three essential data sets
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for monitoring lake ecosystems with the use of one instrument (and multiple sensors) saves on
cost and time associated with northern winter field campaigns.
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APPENDICES
APPENDIX A
A.1 Defining Canada Sub-Arctic Boundary
Literature defines the lower latitude of the sub-arctic region at 52°N latitude (Figure A.1;
Figure 1 from Rouse et al., 1997; Leavesley et al., 1997; CAFF, 2013). Rouse et al. (1997) and
Leavesley et al. (1997) define ‘Region 2’ for the use of their studies, which contains Canada’s
Arctic and sub-arctic region. Specifically, Leavesley et al., (1997) defined eight regions in North
America for the assessment of freshwater ecosystems and climate change. Rouse et al. (1997) used
‘Region 2’ for exploring the effects of climate change on North America’s Arctic and sub-arctic
fresh water. In the Arctic Biodiversity Assessment by the Conservation of Arctic Flora and Fauna
(2013), sub-arctic is defined as the northernmost part of the boreal zone.

Figure A. 1: This figure from Rouse et al., (1997) shows the boundary across Canada’s sub-arctic
lower latitude (52°N).
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Within Figure A.1, the Arctic tree line is defined. This boundary, with consideration to
Canada’s ecological regions, the Arctic Circle (66°33′ N) and the lower arctic were used to define
the sub-arctic region used within this thesis (Figure A.2). The region above the Arctic Circle is
the high Arctic, while areas between the Arctic Circle and the sub-arctic boundary are defined as
the low Arctic (Figure 1 from CAFF, 2013).

Figure A. 2: The ecological regions of Canada were used to assist in defining the sub-arctic region.
The high arctic is located at latitudes above the Arctic Circle (66°33′ N). Regions between the Arctic
Circle and the sub-arctic boundary is the low Arctic.
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A.2 Northwest Territories - Sub-Arctic Region
The sub-arctic accounts for 74 % of the Northwest Territories. Home to two of the largest lakes
globally, and thousands of small lakes. The percent of lake coverage was calculated for the five
regions using data from HydroLakes (Messager et al., 2016) and the NWT regional boundaries.
Shown in Figure A.3, and summarized in Table A.1, the territory has an abundance of lakes,
ranging from ~ 3 to 19 % land surface cover across the territories’ five regions.
The area covered by lakes was calculated using the region boundaries identified in Figure A.3
and the area of each lake provided by the shapefile. The smallest lake included in the analysis was
10 hectares, therefore underestimating the total percent of lakes to land covered.

Figure A. 3: Lake coverage (for lakes 10 hectares and larger; Messager et al., 2016) across the five
regions in the Northwest Territories.
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Table A. 1: The Northwest Territories (NWT) has five regions. Most of the territory is part of the
sub-arctic region (74 %). Inuvik and areas of North Slave and Sahtu are in the Arctic. Across NWT
the land surface is between 3 to 19% covered by lakes, depending on the NWT region.
NWT
Region

Lakes
(count)

Lakes Area

Land Area

Lakes Area

(km2)

(km2)

(%)

Part of Region

Dehcho

799

4619

159055

3

Sub-arctic

Inuvik

4723

13296

311915

4

Arctic

North Slave

8311

60601

325635

19

Arctic & Sub-arctic

Sahtu

3133

42584

285222

15

Arctic & Sub-arctic

South Slave

3130

38839

208623

19

Sub-arctic

North Slave

6966

50738

267498

19

Sub-arctic*

Sahtu

2480

40888

251885

16

Sub-arctic*

* Part of the region falls within the Arctic. These values only represent the sub-arctic portion of the region

A.3 Normalized Difference Snow Index
The Normalized Difference Snow Index (NDSI) can be used to calculate the fractional snow
cover from optical remote sensing imagery. The NDSI can be derived using Equation A.1. The
fractional snow cover can then be determined for every pixel. On board MODIS, optical sensors,
such as band 4 (wavelength = 0.545 - 0.565 𝑚 ) and band 6 (1.628 – 1.652 𝜇𝑚) with consideration
of band 2 (0.841-0.876 𝜇𝑚) can be used to calculate the NDSI for each 500 m pixel (Hall et al.,
2002). Any remote sensor with wavelengths measuring green, shortwave infrared and near infrared
can calculate the NDSI.

𝑁𝐷𝑆𝐼 =

𝐵𝑎𝑛𝑑( 0.545𝜇𝑚−0.565𝜇𝑚 ) − 𝐵𝑎𝑛𝑑(1.628𝜇𝑚−1.652 𝜇𝑚)
𝐵𝑎𝑛𝑑(0.545𝜇𝑚−0.565 𝜇𝑚) + 𝐵𝑎𝑛𝑑(1.628𝜇𝑚−1.652 𝜇𝑚)

The pixel is considered snow covered if, NDSI ≥ 0.4, Band(0.841 – 0.8476 𝜇𝑚 ) reflectance > 11%.
But, if Band(0.545 – 0.565 𝜇𝑚) reflectance <10 % , automatically considered no snow.
68

These specific bands are used because snow and ice have a high spectral reflectance in the
visible spectrum compared to shortwave infrared (Figure A.4; Dozier, 1989), therefore the NDSI
can generally differentiate between snow, clouds (as clouds reflectance in shortwave infrared is
higher) and other spectra (i.e., grass or forests; Kongoli et al., 2012).

Figure A. 4: The spectral reflectivity of snow and clouds (Figure adapted from Dozier, 1989)

APPENDIX B
B.1 Yellowknife Climate
The Yellowknife A weather station is located at the airport in Yellowknife, Northwest
Territories within the North Slave region. Yellowknife is highly populated in small lakes
surrounding Great Slave Lake.
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The climate normal are reported from Canada’s Historical Climate Data by Statistics Canada.
The mean annual daily temperature climate normals were reported at -5.44 °C for 1951 to 1980
and -4.3°C for 1981 to 2010, indicating a 1.1°C increase. Specific to the winter months (December
to February), Yellowknife experienced mean winter daily temperatures of -26.0°C to -23.4°C for
the same climate normal timeseries, showing an increase of 2.6°C. Mean annual precipitation
climate normal (for the same time series) were 266.7 mm and 288.6 mm, respectively, reporting
an increase of 21.9 mm. Yellowknife A weather station reported an increase in total annual
precipitation in the form of both snow and rain. Total precipitation was calculated using total
rainfall and snow water equivalent calculated based on total snowfall.
APPENDIX C
C.1 Ice Roads
There is an abundance of ice roads in northern regions of Canada. Ice roads are built across
lakes during the winter season to allow for transportation in and out of northern communities.
Winter roads and ice crossings are also common in remote communities. Winter roads refer to
roads that are built over land, lakes, and rivers.
Historical data reported by the government of NWT for ice roads, crossings, and the TibbittContwoyto Winter road suggest operational days are opening later and closing earlier based on the
reported average opening and closing dates since the 2000 to 2001 season (Table C.1). The
projected decline in ice thickness and shift in later freeze-up and earlier break-up will directly
affect ice road operations (Mullan et al., 2017). The duration which ice roads are operational
throughout the season is expected to decrease by at least 10 days (under low RCP 2.6 scenario)
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and up to 50 days (high RCP8.5 scenario) by the late twenty first century in Canada’s sub-arctic
(Li et al., 2022).
Table C. 1: Average historical open and close date for ice roads, ice crossings and the private
Tibbitt-Contwoyto Winter Road till 2021 reported by the government of NWT (GNWT, 2022).
Negative difference is occurring earlier, while a positive difference is happening later.
Open Date

Close Date

5-year
average

20-year
average

Difference

5-year
average

20-year
average

Difference

Aklavik Ice Road

Dec 15

Dec 20

-5

Apr 27

Apr 29

-2

Dettah Ice Road

Jan 7

Dec 24

9

Apr 14

Apr 16

-2

Dec 11

Dec 15

-4

Apr 28

Apr 27

1

Feb 1

Jan 30

2

Mar 28

Mar 31

-3

Dec 29

Dec 24

5

Apr 17

Apr 17

0

Liard River Crossing

Nov 30

Nov 28

2

Apr 19

Apr 22

-3

Mackenzie River
Crossing – Tsiighetchic

Dec 1

Nov 24

7

May 5

May 5

0

Peel River Crossing

Nov 24

Nov 16

8

May 6

May 6

0

Mackenzie River
Crossing – Camsell Bend

Dec 16

Dec 15

1

Apr 19

Apr 21

-2

Mean

2.77

Mean

-1.22

Tuktoyaktuk
Ice Road
Tibbitt-Contwoyto
Winter Road
Mackenzie River
Crossing – Fort
Providence

71

REFERENCES
Adams, W.P. (1976a). Diversity of lake cover and its implications. Musk-Ox, 181, 86–98
Adams, W.P. (1976b). A classification of freshwater ice. Musk-Ox, 18, 99–102
Adams, W.P., & Lasenby, D. C. (1978). The role of ice and snow in Lake Heat budgets.
Limnology and Oceanography, 23(5), 1025–1028. doi:10.4319/lo.1978.23.5.1025

Arcone, S. A., & Delaney, A. J. (1987). Airborne River-ice thickness profiling with helicopterborne UHF short-pulse radar. Journal of Glaciology, 33(115), 330–340.
doi:10.1017/s0022143000008923

Armstrong, R. L., & Brodzik, M. J. (2001). Recent Northern Hemisphere snow extent: A
comparison of data derived from visible and microwave satellite sensors. Geophysical
Research Letters, 28(19), 3673–3676. doi: 10.1029/2000gl012556
Baltzer, J. L., Veness, T., Chasmer, L. E., Sniderhan, A. E., & Quinton, W. L. (2014). Forests on
thawing permafrost: Fragmentation, edge effects, and Net Forest Loss. Global Change
Biology, 20(3), 824–834. doi:10.1111/gcb.12349
Barrette, P.D. (2011). The Tibbitt to Contwoyto winter road in the NWT:identification of
available data and research needs. NRC Publications Archive. National Research Council
of Canada. Canadian Hydraulics Centre. No. CHC-LM-006, doi: 10.4224/40000399
Beck, H. E., Zimmermann, N. E., McVicar, T. R., Vergopolan, N., Berg, A., & Wood, E. F.
(2018). Present and future Köppen-Geiger climate classification maps at 1-km resolution.
Scientific Data, 5(1). doi:10.1038/sdata.2018.214

72

Benson, B. J., Magnuson, J. J., Jensen, O. P., Card, V. M., Hodgkins, G., Korhonen, J.,
Livingstone, D. M., Stewart, K. M., Weyhenmeyer, G. A., & Granin, N. G. (2011).
Extreme events, trends, and variability in Northern Hemisphere Lake-ice phenology
(1855–2005). Climatic Change, 112(2), 299–323. doi:10.1007/s10584-011-0212-8

Braverman, M., & Quinton, W. L. (2015). Hydrological impacts of seismic lines in the wetlanddominated zone of thawing, discontinuous permafrost, Northwest Territories, Canada.
Hydrological Processes, 30(15), 2617–2627. doi:10.1002/hyp.10695

Brown, R. D., & Braaten, R. O. (1998). Spatial and temporal variability of Canadian monthly
snow depths, 1946–1995. Atmosphere-Ocean, 36(1), 37–54.
doi:10.1080/07055900.1998.9649605
Brown, L. C. & Duguay, C. R. (2010). The response and role of ice cover in lake-climate
interactions. Progress in Physical Geography: Earth and Environment, 34(5), 671–704.
doi:10.1177/0309133310375653

Brown, R., Derksen, C., & Wang, L. (2010). A multi-data set analysis of variability and change
in Arctic Spring Snow cover extent, 1967–2008. Journal of Geophysical Research,
115(D16). https://doi.org/10.1029/2010jd013975

Brown, L. C., & Duguay, C. R. (2011a). The fate of lake ice in the North American Arctic. The
Cryosphere, 5(4), 869–892. doi:10.5194/tc-5-869-2011
Brown, L. C., & Duguay, C. R. (2011b). A comparison of simulated and measured lake ice
thickness using a shallow water ice profiler. Hydrological Processes, 25(19),2931-2941
doi: 10.1002/hyp.8087
73

Brown, R. D., Schuler, D., Bulygina, O., Derksen, C., Luojus, K., Mudryk, L., Wang, L. &
Yang, D. (2017). Arctic terrestrial snow. in Snow Water Ice and Permafrost in the Arctic
(SWIPA) 2017 Assessment, Arctic Monitoring and Assessment Programme, Oslo,
Norway, p. 40.
Brown, R. D., Smith, C., Derksen, C., & Mudryk, L. (2021). Canadian in-situ snow cover trends
for 1955–2017 including an assessment of the impact of automation. AtmosphereOcean,59(2) 77–92. doi: 10.1080/07055900.2021.1911781
Cai, Y., Duguay, C. R., & Ke, C.Q. (2022). A 41-year (1979–2019) passive-microwave-derived
Lake Ice Phenology Data record of the Northern Hemisphere. Earth System Science
Data, 14(7), 3329–3347. doi:10.5194/essd-14-3329-2022
Canada Centre for Remote Sensing (CCRS), & Natural Resources Canada (NRCan). (2020).
2015 Land Cover of North America at 30 meters. North American Land Change
Monitoring System. Ottawa, Ont. Data available: http://www.cec.org/north-americanenvironmental-atlas/land-cover-30m-2015-landsat-and-rapideye/
Canadian Ice Service (CIS). (2021). Ice Thickness Program Collection. Government of Canada.
Data available: https://data-donnees.ec.gc.ca/data/ice/products/ice-thickness-programcollection/?lang=en
Carpino, O. A., Berg, A. A., Quinton, W. L., & Adams, J. R. (2018). Climate change and
permafrost thaw-induced boreal forest loss in northwestern Canada. Environmental
Research Letters, 13(8), 084018. doi:10.1088/1748-9326/aad74e
Chang, A. T. C., Foster, J. L., & Hall, D. K. (1987). Nimbus-7 SMMR derived global snow
cover parameters. Annals of Glaciology, 9, 39–44. doi:10.1017/s0260305500000355

74

Chang, A. T. C., Foster, J. L., & Hall, D. K. (1996). Effects of forest on the snow parameters
derived from microwave measurements during the Boreas Winter Field campaign.
Hydrological Processes, 10(12), 1565–1574.
Chang, A. T., Foster, J. L., Hall, D. K., Goodison, B. E., Walker, A. E., Metcalfe, J. R., & Harby,
A. (1997). Snow parameters derived from microwave measurements during the Boreas
Winter Field campaign. Journal of Geophysical Research: Atmospheres, 102(D24),
29663–29671. doi:10.1029/96jd03327

Cheng, B., Cheng, Y., Vihma, T., Kontu, A., Zheng, F., Lemmetyinen, J., Qiu, Y., & Pulliainen,
J. (2021). Inter-annual variation in Lake Ice Composition in the European Arctic:
Observations based on high-resolution thermistor strings. Earth System Science Data,
13(8), 3967–3978. https://doi.org/10.5194/essd-13-3967-2021

Cheng, Y., Cheng, B., Zheng, F., Vihma, T., Kontu, A., Yang, Q., & Liao, Z. (2020). Air/snow,
snow/ice and ice/water interfaces detection from high-resolution vertical temperature
profiles measured by ice mass-balance buoys on an Arctic Lake. Annals of Glaciology,
61(83), 309–319. https://doi.org/10.1017/aog.2020.51

Chylek, P., Folland, C., Klett, J. D., Wang, M., Hengartner, N., Lesins, G., & Dubey, M. K.
(2022). Annual mean arctic amplification 1970–2020: Observed and simulated by CMIP6
Climate Models. Geophysical Research Letters, 49(13). doi:10.1029/2022gl099371
Collins, M., Knutti, R., Arblaster, J., Dufresne, J.L., Fichefet, T., Friedlingstein, P., … Wehner,
M. (2013). Long-term climate change: Projections, commitments and irreversibility. In T.
F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y,

75

Xia, V. Bex, & P. M. Midgley (Eds.), Climate change 2013: The physical science basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (pp. 1029–1136). Cambridge, United Kingdom and New York,
NY: Cambridge University Press. doi: 10.1017/CBO9781107415324.024
Conservation of Arctic Flora and Fauna (CAFF). (2013). Arctic Biodiversity Assessment. Status
and trends in Arctic biodiversity. Conservation of Arctic Flora and Fauna, Akureyri.
Connon, R. F., Quinton, W. L., Craig, J. R., & Hayashi, M. (2014). Changing hydrologic
connectivity due to permafrost thaw in the lower liard river valley, NWT, Canada.
Hydrological Processes, 28(14), 4163–4178.doi:10.1002/hyp.10206
Commission for Environmental Cooperation (CEC). (2021). Ecological Regions of North
America.CEC. Montreal, QC.
Cui, D., Liang, S., & Wang, D. (2021). Observed and projected changes in global climate zones
based on Köppen Climate Classification. WIREs Climate Change, 12(3).
doi:10.1002/wcc.701
Crawford, C. J., Manson, S. M., Bauer, M. E., & Hall, D. K. (2013). Multitemporal snow cover
mapping in mountainous terrain for Landsat Climate Data Record Development. Remote
Sensing of Environment, 135, 224–233. doi:10.1016/j.rse.2013.04.004
De Michele, C., Avanzi, F., Passoni, D., Barzaghi, R., Pinto, L., Dosso, P., Ghezzi, A., Gianatti,
R., & Della Vedova, G. (2016). Using a fixed-wing UAS to map snow depth distribution:
An evaluation at peak accumulation. The Cryosphere, 10(2), 511–522.
https://doi.org/10.5194/tc-10-511-2016

76

Derksen, C., LeDrew, E., Walker, A., & Goodison, B. (2000). Influence of sensor overpass time
on passive microwave-derived snow cover parameters. Remote Sensing of Environment,
71(3), 297–308. doi: 10.1016/s0034-4257(99)00084-x
Derksen, C., Walker, A., & Goodison, B. (2005). Evaluation of passive microwave snow water
equivalent retrievals across the boreal forest/tundra transition of Western Canada. Remote
Sensing of Environment, 96(3-4), 315–327. doi: 10.1016/j.rse.2005.02.014
Derksen, C., Silis, A., Sturm, M., Holmgren, J., Liston, G. E., Huntington, H., & Solie, D.
(2009). Northwest Territories and Nunavut Snow Characteristics from a subarctic
traverse: Implications for passive microwave remote sensing. Journal of
Hydrometeorology, 10(2), 448–463. doi: 10.1175/2008jhm1074.1
Derksen, C., & Brown, R. (2012). Spring snow cover extent reductions in the 2008-2012 period
exceeding Climate model projections. Geophysical Research Letters, 39(19). doi:
10.1029/2012gl053387
Derksen, C., Burgess, D., Duguay, C., Howell, S., Mudryk, L., Smith, S., Thackeray, C. and
Kirchmeier-Young, M. (2019): Changes in snow, ice, and permafrost across Canada;
Chapter 5 in Canada’s Changing Climate Report, (ed.) E. Bush and D.S. Lemmen;
Government of Canada, Ottawa, Ontario, p.194–260
Deschamps-Berger, C., Gascoin, S., Berthier, E., Deems, J., Gutmann, E., Dehecq, A., Shean, D.,
& Dumont, M. (2020). Snow depth mapping from stereo satellite imagery in
mountainous terrain: Evaluation using airborne laser-scanning data. The Cryosphere,
14(9), 2925–2940. doi:10.5194/tc-14-2925-2020

77

Dibike, Y., Prowse, T., Bonsal, B., Rham, L. de, & Saloranta, T. (2012). Simulation of north
american lake-ice cover characteristics under contemporary and future climate
conditions. International Journal of Climatology, 32(5), 695–709. doi:10.1002/joc.2300
Dietz, A. J., Kuenzer, C., Gessner, U., & Dech, S. (2011). Remote Sensing of snow – a review of
available methods. International Journal of Remote Sensing, 33(13), 4094–4134.
doi:10.1080/01431161.2011.640964

Dingman, S. L. (2014). Physical hydrology. Illinois: Waveland Press.
Donmez, C., Berberoglu, S., Cicekli, S. Y., Cilek, A., & Arslan, A. N. (2020). Mapping snow
cover using landsat data: Toward a fine-resolution water-resistant snow index.
Meteorology and Atmospheric Physics, 133(2), 281–294. doi:10.1007/s00703-02000749-y
Doronin, Y. P. (1971). Thermal Interaction of the Atmosphere and theHydrosphere in the Arctic,
vol. 85. Jerusalem, Israel: Israel Program Scientific Translations.

Dozier, J. (1989). Spectral signature of alpine snow cover from the Landsat Thematic Mapper.
Remote Sensing of Environment, 28, 9–22. doi:10.1016/0034-4257(89)90101-6

Du, J., Kimball, J. S., Duguay, C., Kim, Y., & Watts, J. D. (2017). Satellite Microwave
Assessment of Northern Hemisphere Lake Ice Phenology from 2002 to 2015. The
Cryosphere, 11(1), 47–63. doi:10.5194/tc-11-47-2017
Duguay CR, Rouse WR, Lafleur PM, Boudreau DL, Crevier Y, Pultz TJ. (1999). Analysis of
multi-temporal ERS-1 SAR data of subarctic tundra and forest in the northern Hudson Bay

78

Lowland and implications for climate studies. Canadian Journal of Remote Sensing 25:21–
33.
Duguay, C. R., Flato, G. M., Jeffries, M. O., Ménard, P., Morris, K., & Rouse, W. R. (2003). Icecover variability on shallow lakes at high latitudes: Model simulations and observations.
Hydrological Processes, 17(17), 3465–3483. doi:10.1002/hyp.1394
Duguay, C. R., Prowse, T. D., Bonsal, B. R., Brown, R. D., Lacroix, M. P., & Ménard, P. (2006).
Recent trends in Canadian Lake Ice cover. Hydrological Processes, 20(4), 781–801.
doi:10.1002/hyp.6131
Erickson, T. A., Williams, M. W., & Winstral, A. (2005). Persistence of topographic controls on
the spatial distribution of snow in rugged mountain terrain, Colorado, United States.
Water Resources Research, 41(4). doi: 10.1029/2003wr002973
Estilow, T. W., Young, A. H., & Robinson, D. A. (2015). A long-term northern hemisphere
snow cover extent Data Record for climate studies and Monitoring. Earth System Science
Data, 7(1), 137–142. doi:10.5194/essd-7-137-2015

Everett, M. E. (2013). Near-surface applied geophysics. Cambridge University Press.
Fan, X., Duan, Q., Shen, C., Wu, Y., & Xing, C. (2020). Global surface air temperatures in
CMIP6: Historical performance and future changes. Environmental Research Letters,
15(10), 104056, doi:10.1088/1748-9326/abb051.
Foster, J., Chang, A.T.C., Hall, D.K. (1997). Comparison of snow mass estimates from a
prototype passive microwave snow algorithm, a revised algorithm and a snow depth
climatology. Remote Sensing of Environment, 62(2), 132–142. doi:10.1016/s00344257(97)00085-0

79

Foster, J. L., Hall, D. K., Kelly, R. E. J., & Chiu, L. (2009). Seasonal snow extent and Snow
Mass in South America using SMMR and SSM/I Passive Microwave Data (1979–2006).
Remote Sensing of Environment, 113(2), 291–305. doi:10.1016/j.rse.2008.09.010
Frei, A., & Lee, S. Y. (2010). A comparison of optical-band based snow extent products during
spring over North America. Remote Sensing of Environment, 114(9), 1940–1948.
doi:10.1016/j.rse.2010.03.015
Frei, A., Tedesco, M., Lee, S., Foster, J., Hall, D. K., Kelly, R., & Robinson, D. A. (2012). A
review of global satellite-derived Snow Products. Advances in Space Research, 50(8),
1007–1029. doi:10.1016/j.asr.2011.12.021
Gao, S., & Stefan, H. G. (2004). Potential climate change effects on ice covers of five
Freshwater Lakes. Journal of Hydrologic Engineering, 9(3), 226–234.
doi:10.1061/(asce)1084-0699(2004)9:3(226)
Galley, R. J., Trachtenberg, M., Langlois, A., Barber, D. G., & Shafai, L. (2009). Observations
of geophysical and dielectric properties and ground penetrating radar signatures for
discrimination of snow, sea ice and freshwater ice thickness. Cold Regions Science and
Technology, 57(1), 29–38. doi:10.1016/j.coldregions.2009.01.003
Gerlitz, K., Knoll, M. D., Cross, G. M., Luzitano, R. D., & Knight, R. (1993). Processing Ground
Penetrating Radar Data to Improve Resolution of Near Surface Targets. Symp. Appl.
Geophys. to Eng. Environ. Probl. Environment and Engineering Geophysical Society,
561-574.
Government of Canada. (2020). Canadian Historical Daily Snow Depth Database. Data
available: https://data.ec.gc.ca/data/climate/scientificknowledge/canadian-historicaldaily-snow-depth-database/?lang=en
80

Government of Northwest Territories (GNWT). (2022). Winter Roads Average Open/Close
Dates. Infrastructure, GNWT, May 11, 2022. Data Available:
https://www.inf.gov.nt.ca/en/services/highways-ferries-and-winter-roads/winter-roadsaverage-openclose-dates
Groisman, P. Y., & Easterling, D. R. (1994). Variability and trends of total precipitation and
snowfall over the United States and Canada. Journal of Climate, 7(1), 184–205.
Groisman, P., T. R. Karl, & T. W. Knight. (1994). Observed impact of snow cover on the heat
balance and the rise of continental spring temperatures, Science, 263, 198-200.
Gutiérrez, J.M., Jones, R.G., Narisma, G.T., Alves, L.M., Amjad, M., Gorodetskaya, I.V.,
Grose, M., Klutse, N.A.B., Krakovska, S., Li, J., Martínez-Castro, D., Mearns, L.O.,
Mernild, S.H., Ngo-Duc, T., van den Hurk, B., & Yoon, J.H. (2021). Atlas. In Climate
Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change [MassonDelmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L.
Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.
Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1927–2058,
doi:10.1017/9781009157896.021
Gunn, G. E., Duguay, C. R., Brown, L. C., King, J., Atwood, D., & Kasurak, A. (2015).
Freshwater lake ice thickness derived using surface-based X- and ku-band FMCW
scatterometers. Cold Regions Science and Technology, 120, 115–126. doi:
10.1016/j.coldregions.2015.09.012

81

Gunn, G. E., Jones, B. M. & Rangel, R. C. (2021a). Unpiloted Aerial Vehicle Retrieval of snow
depth over freshwater lake ice using structure from Motion. Frontiers in Remote Sensing,
2, doi:10.3389/frsen.2021.675846
Gunn, G. E., Tarabara, V., Rutty, M., Bessette, D. L., & Richardson, R. B. (2021b). Roughness
and storage capacity of freshwater ice in the straits of Mackinac. Cold Regions Science and
Technology, 186, 103278. doi:10.1016/j.coldregions.2021.103278

Grody, N. (2008). Relationship between snow parameters and microwave satellite
measurements: Theory compared with advanced microwave sounding unit observations
from 23 to 150 GHz. Journal of Geophysical Research, 113(D22).
doi:10.1029/2007jd009685

Grody, N. C., & Basist, A. N. (1996). Global identification of snowcover using SSM/I
measurements. IEEE Transactions on Geoscience and Remote Sensing, 34(1), 237–249.
doi: 0.1109/36.481908
Hall, D. K., Sturm, M., Benson, C. S., Chang, A. T. C., Foster, J. L., Garbeil, H., & Chacho, E.
(1991). Passive microwave remote and in-situ measurements of Artic and Subarctic Snow
covers in Alaska. Remote Sensing of Environment, 38(3), 161–172. doi:10.1016/00344257(91)90086-l
Hall, D. K., Riggs, G. A., Salomonson, V. V., DiGirolamo, N. E., & Bayr, K. J. (2002). Modis
snow-cover products. Remote Sensing of Environment, 83(1-2), 181–194. doi:
10.1016/s0034-4257(02)00095-0

82

Hall, D. K., Frei, A., & Déry, S. J. (2015). Remote sensing of snow extent. In M. Tedesco (eds.),
Remote Sensing of the Cryosphere (pp. 31–47). essay, Wiley Blackwell.

Harder, P., Schirmer, M., Pomeroy, J., and Helgason, W. (2016). Accuracy of snow depth
estimation in mountain and prairie environments by an unmanned aerial vehicle. The
Cryosphere, 10(6), 2559–2571, doi:10.5194/tc-10-2559-2016.

Harder, P., Pomeroy, J. W., & Helgason, W. D. (2020). Improving sub-canopy snow depth
mapping with unmanned aerial vehicles: Lidar versus structure-from-motion techniques.
The Cryosphere, 14(6), 1919–1935. doi:10.5194/tc-14-1919-2020

Hartmann, D.L., Klein Tank, A.M.G., Rusticucci, M., Alexander, L.V., Brönnimann, S.,
Charabi, Y., Dentener, F.J., Dlugokencky, E.J., Easterling, D.R., Kaplan, A., Soden,
B.J., Thorne, P.W., Wild M., & Zhai, P.M. (2013): Observations: Atmosphere and
Surface. In: Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA
Heginbottom, J.A., Dubreuil, M.A., and Harker, P.A. (1995). Canada – Permafrost, in National
Atlas of Canada. 5th ed. National Atlas Information Service, Natural Resources Canada,
Ottawa, ON, MCR 4177.

83

Heilig, A., Schneebeli, M., & Eisen, O. (2009). Upward-looking ground-penetrating radar for
monitoring snowpack stratigraphy. Cold Regions Science and Technology, 59(2-3), 152–
162. doi:10.1016/j.coldregions.2009.07.008

Hedrick, A. R., Marks, D., Havens, S., Robertson, M., Johnson, M., Sandusky, M., Marshall, H.
P., Kormos, P. R., Bormann, K. J., & Painter, T. H. (2018). Direct insertion of NASA
airborne snow observatory‐derived snow depth time series into the isnobal energy balance
snow model. Water Resources Research, 54(10), 8045–8063. doi:10.1029/2018wr023190

Henry, Mark. (2012). Snow cover trends in Canada. Statistics Canada. Catalogue no. 16-0020X
Vol 6. No.1

Hinkel, K. M., Doolittle, J. A., Bockheim, J. G., Nelson, F. E., Paetzold, R., Kimble, J. M., &
Travis, R. (2001). Detection of subsurface permafrost features with ground-penetrating
radar, Barrow, Alaska. Permafrost and Periglacial Processes, 12(2), 179–190.
doi:10.1002/ppp.369

Hofmeister, F., Arias-Rodriguez, L. F., Premier, V., Marin, C., Notarnicola, C., Disse, M., &
Chiogna, G. (2022). Intercomparison of Sentinel-2 and modelled snow cover maps in a
high-elevation Alpine catchment. Journal of Hydrology X, 15, 100123.
doi:10.1016/j.hydroa.2022.100123
Holbrook, W. S., Miller, S. N., & Provart, M. A. (2016). Estimating snow water equivalent over
Long Mountain transects using snowmobile-mounted ground-penetrating radar.
GEOPHYSICS, 81(1). doi:10.1190/geo2015-0121.1

84

Hopkinson, C., Pietroniro, A., & Pomeroy, J.W. (2008). Hydroscan: airborne laser mapping of
hydrological features and resources. Canadian Water Resources Association, Saskatoon,
SK, Canada.
Hu, F., Gao, X. M., Li, G. Y., & Li, M. (2016). Dem extraction from worldview-3 stereo-images
and accuracy evaluation. ISPRS - International Archives of the Photogrammetry, Remote
Sensing and Spatial Information Sciences, XLI-B1, 327–332. doi:10.5194/isprsarchivesxli-b1-327-2016
Hu, Y., Che, T., Dai, L., & Xiao, L. (2021). Snow depth fusion based on machine learning
methods for the Northern Hemisphere. Remote Sensing, 13(7), 1250.
doi:10.3390/rs13071250
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